UNCLASSIFIED 


AD  NUMBER 


AD815946 


NEW  LIMITATION  CHANGE 
TO 

Approved  for  public  release,  distribution 
unlimited 


FROM 

Distribution:  No  Foreign 


AUTHORITY 


US  Navy  Underwater  Sound  Lab  notice  dtd  15 
May  1979 


THIS  PAGE  IS  UNCLASSIFIED 


AD815946 


r-  m 

USL  Report  No.  255A 

Report  on  the  Status  of  Project  AMOS 
(Acoustic,  Meteorological,  and  Oceanographic  Survey) 
(1  January  1953  -  31  December  1954) 

H.  Wysor  Marsh,  Jr. 

Morris  Schulkin 


9  May  1967 


STATEMENT  #2  'JIWBBffHB  this  document  is  limited  to  DOC  users. 

This  document  is  sub’ act  to  sped 
transmittal  to  foreign  government 
made  only  with  prior  approval  of 


IT.  S.  Navy  Underwater  Sound  Laboratory 
Fort  Trumbull,  New  London,  Connecticut 


-•,1  export  controls  and  each 


1 


AD8l  59^.  (j 

xmu 


ABSTRACT 


This  report  ii  an  UNCLASSIFIED  edition  of  USL  Report  No.  265  (CONFIDENTIAL),  dated 
21  March  1956.  The  Project  AMOS  wor'<  which  was  carried  out  through  the  period  1  January 
1953-31  December  1954  is  summarized.  This  is  a  final  report  of  the  AMOS  deep-  water  acoustic 
measurements,  which  began  in  June  1949.  During  the  period  covered  by  this  report,  .he 
Underwater  Sound  Laboratory  carried  out  a  number  of  studies  and  analyses  of  AMDS  data;  these 
are  included  herein  as  Studies  A  through  D  and  H  through  J. 

The  major  study  is  an  analysis  of  sound  transmission  at  frequencies  between  2  and  25  kc 
based  on  all  the  AMOS  data  and  on  other  data  available  in  the  literature.  Propagation-loss 
prediction  charts  bared  on  this  analysis  are  presented  as  a  function  of  .certain  environmental 
parameters.  An  error  study  of  the  propagation  analysis  is  presented  next.  Studies  of  AMOS 
low-ftequency  noisetnaker  data  analysis,  tay  tracing  in  the  ocean,  and  bottom  reflection  in 
deepwater  are  also  presented,  and  a  summary  of  Cruise  TWELVE,  which  was  completed  early 
in  this  period,  is  included. 
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Fifl.  1  -  Projtcl  AMOS  Ou'M*  from  1949  through  1953 


RF PORT  ON  THE  STATUS  OF  PROJECT  AMOS 
(Acoustic,  Meteorological,  and  Oceanographic  Survey) 
(1  January  1953  -  31  December  1954) 

INTRODUCTION 


Project  AMDS  (Acoustic,  Meteorological,  atirl 
(jcctuiogrnphie  Survey)  was  established  in  order  to 
permit  the  collection  of  acoustic  propagation  data 
and  (lie  simultaneous  observation  of  meteorological 
arid  ncciuiogtuphic  factors  of  significance  to  sonar 
prrfotninricc  in  the  vital  sen  lanes  of  the  Atlantic 
Ocean  during  nil  seasons  of  the  year.  The  informa¬ 
tion  obtained  was  designed  to  cover  bath  current 
audplnnncd  echo-ranging  and  listening  frequencies. 

The  major  objectives  of  Project  AMOS  have 
been  achieved  in  one  form  or  another.  It  is  planned 
to  mnke  continued  use  of  the  Project  AMOS  prop¬ 
agation-loss  data  and  environmental  statistics  for 
operational  studies  as  indicated.  The  AMOS  objec¬ 
tives  are  the  following: 

a.  The  preparation  of  a  set  of  prediction  charts 
for  operational  planning  purposes.  Such  charts  rep¬ 
rescat  the  sonar  situation  on  a  probability  basis 
for  each  area  of  interest  and  for  each  month  of  the 
year.  Various  setsof  charts  corresponding  to  equip¬ 
ment  categories,  such  as  surface-ship-mounted 
echo-ranging  sonar,  variable-depth  echo-ranging 
sonar,  or  submarine-installed  low-feequency pas¬ 
sive  sonar,  may  be  prepared.  From  these  charts,  it 
will  be  possible  to  determine  not  only  the  proba¬ 
bility  of  achieving  n  particular  detection  range  on 
a  submarine  by  echo-ranging  or  listening  but  also 
the  probable  range  of  detection  of  a  convoy  by  an 
enemy  submarine. 

b.  The  compilation  of  a  set  of  dctailedpredic- 
tion  charts  for  tactical  employment,  based  upon 
the  propagation  loss  and  figure  of  merit  for  partic¬ 
ular  sonar  equipments  in  relation  to  the  prevailing 
oceanographic  conditions.  These  charts  will  be 
used  for  day-to-day  operations,  fot  convoy  screen 
spacing,  and  for  similar  applications. 


c.  The  formulation  of  a  set  of  design  charts 
which  will  make  possible  intelligent  design  of 
sonnr  equipment  to  meet  specified  operational  re¬ 
quirements. 

The  participants  in  the  AMOS  program  were  the 
II.  S.  Navy  Hydrographic  Office  and  the  U.  S.  Navy 
Underwater  .Sound  Laboratory.  Jointly  they  were 
responsible  for  acquiring  simultaneous  acoustic 
and  environmental  data.  The  Underwater  Sound 
Laboratory  was  responsible  for  the  design,  instal¬ 
lation,  and  operation  of  acoustic  equipment,  while 
the  Hydrographic  Office  carried  out  the  design,  in¬ 
stallation,  and  operation  of  oceanographic  and  me¬ 
teorological  equipment.  These  agencies  were  also 
jointly  responsible  for  the  development  of  methods 
and  techniques  for  field  utilization  and  for  presen¬ 
tation  of  the  acoustic-oceanographic  data  to  the 
Forces  Afloat.  This  responsibility  involved  the 
preparation  and  publication  of  material  which  pro¬ 
vides  procedures  fot  converting  equipment  charac¬ 
teristics  and  local  environmental  conditions  into 
operationally  and  tactically  usable  terms. 

In  addition  to  acquiring  acoustic  data,  the  Lab¬ 
oratory  undertook  the  analysis  and  correlation  of 
simultaneously  observed  acoustic  and  environmen¬ 
tal  data  for  operational  purposes.  The  Hydro- 
graphic  Office  was  responsible  for  the  acquisition 
and  analysis  of  extensive  environmental  data  for 
operational  purposes  and  for  the  publication  of 
operational  sonar  charts.  It  also  was  responsible 
for  the  preliminary  planning  of  AMOS  cruises, 
handled  such  matters  as  itineraries,  project  coor¬ 
dination,  time  and  space  allotments,  personnel  as¬ 
signments,  proposed  shipyard  installation  of  sci¬ 
entific  equipment,  and  the  preparation  of  technical 
instructions,  and  initiated  ’'wodcing-Ievel’'  con¬ 
ferences  with  the  agencies  and  vessels  involved. 


SUMMARY  OF  ACCOMPLISHMENTS  OF  PROJECT  AMOS 


This  report  is  a  final  report  of  the  AMOS  acous-  Underwater  Sound  Laboratory  is  now  undertaking 

tic-environmental  correlations  in  deep  water.  The  an  extensive  program  of  shallow-water  propagation 
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measurements. 1  A  summary  of  the  accomplishments 
of  Project  AMOS  «t  the  Underwater  Sound  Labora¬ 
tory  is  now  included. 

Since  the  inception  of  the  AMOS  program,  a 
sizable  amount  of  acoustic  propagation  data  has 
been  accumulated  for  the  North  Atlantic  Ocean  for 
a  wide  range  of  acoustic  frequencies  and  environ- 
stental  conditions.  The  map  in  Fig.  1  shows  the 
ten  joint  oceanographic  and  acoustic  stations  for 
which  propagation-loss  data  have  been  obtained 
up  through  Cruise  TWELVE.  The  AMOS  cruises  in 
which  the  Laboratory  participated  are  listed  below; 


AMOS  Crulara 

AMOS 

Acoustic 

Cruise 

Cruise  Dele 

*  Stations 

Number 

Occupied 

TWO 

June  1949 

6 

THREE 

JulySeptembet  1949 

29 

FOUR 

October  December  1949 

17 

FIVE 

FebtuaryMar  1950 

23 

SEVEN 

Noveaibet-Oecember  1910 

7 

EIGHT 

Fcbiuary  April  1951 

30 

NINE 

J  any  September  1951 

20 

TEN 

JanuncyAprtl  1952 

ia 

ELEVEN 

June-September  1952 

20 

TWELVE 

February- April  195) 

20 

192 

The  propagation-loss  data  obtained  on  these 
cruises  were  punched  on  IBM  cords  as  indicated 
below.  Finally  a  set  of  26,672  IBM  cards  was  pre¬ 
pared  for  all  AMOS  cruises  with  four-frequency 
(2.2,  8,  16,  and  2$  kc)  propagation-loss  data  at 
standard  projector  depths,  receiver  depths,  and 
ranges.  Copies  of  most  of  these  cards  have  been 
furnished  to  the  Naval  Research  Laboratory  and 
the  University  of  Michigan.  Available  transmission 
data  cover  a  frequency  range  of  from  70  cps  to  29 
kc,  and  vertical  reverberation  measurements  cover 
the  range  from  2.2  to  34  kc.  A  list  of  propagation- 
run  station  positions  is  givenin  Tables  1A  and  IB 
for  both  high-frequency  and  low-frequency  tuns. 

All  North  Atlantic  and  Medltettanean  BT  ob¬ 
servations  in  the  Woods  Hole  Oceanographic  Insti¬ 
tution  Fife  through  November  1931  have  been  re* 


I  The  present  setcua  of  the  ahallow-waicr  measure- 
meats  program  ia  coveted  la  USL  Report  No.  260,  Quar¬ 
terly  Report,  I  July  *  30  September  1934  (CONFIDEN¬ 
TIAL). 


duced  to  IBM  cords  and  tabulated.1  Copies  of  the 
tabulations  have  been  furnished  to  the  Woods  Hole 
Oceanographic  Institution,  the  Navy  Hydrogtaphic 
Office,  and  the  Agtlcultural  and  Mechanical  Col¬ 
lege  of  Texas.  Theie  ate  131,600  pairs  of  cards  in 
the  North  Atlantic  File  and  14,930  pairs  of  cards 
in  the  Mediterranean  File.  This  set  of  environ¬ 
mental  data  cards  has  proved  to  be  quite  important 
in  a  number  of  applications,  The  cards  have  been 
separated  into  various  geographical  areas,  and  sta¬ 
tistical  compilations  of  important  factors  have  been 
made.  The  Hydrographic  Office  has  agreed  to  keep 
this  basic  file  up  to  date  and  recently  shipped 
48,000  cards  to  the  Laboratory. 

Acoustic  propagation  and  associated  environ¬ 
mental  data  obtained  from  AMOS  cruiaea  are  in¬ 
ventoried  below. 


AMOS  Acourtlc  Cetda  AMOS  BT  Cotd  FUo 


(Card  Layout  Form,  Fi|.  7,  (Card  Layout  Folia.  Fly-  •. 
USL  Papon  No.  >47)  USL  Report  No.  147) 


Cruise 

No.  o(  Colds 

Ctulae 

No.  ol  Colds 

2 

7J0) 

21,  23,  29  kc 

2 

30 

) 

4,750 / 

5 

230 

3 

3.000 

3 

J50 

7 

300 

B.  16.  23  kc 

7 

30 

a 

15,000 ! 

a 

400 

» 

13.050 

9 

400 

to 

16.000 

2.2.8,16,23  kc 

10 

430 

u 

22,000 

12 

330 

12 

12.500 

12 

230 

Total 

88,030 

2,730 

Hydrographic  Olfica  AMOS  Ctolae  Oce»no|iepMc  Stailoa  Flit 
(Data  lor  all  cruiaea  have  baco  received  la  Hallos  forat.) 


iCard  Layoat  Forma,  FI(o. 

14-13,  USL  Report  No.  147) 

Croiae 

No.  ol  Catda 

1 

3100 

2 

630 

3 

2700 

4 

2400 

3 

2230 

a  The  (DM  card*  used  Jo.  rhi*  purpose  are  shown  la 
Fig.  I  of  USL  Report  No.  147,  Report  on  the  State*  of 
Protect  AMOS  (20  April  •  3 1  December  193V,  by  H.  W. 
Marsh,  Jr.,  sad  M.  Schulkia,  19  February  1992  (CONFI¬ 
DENTIAL). 
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Arom'lc 

Station 


1 

2 
) 

4 

5 
7 

) 

6 
9 
12 
11 
11 
21 
24 
27 
)2 
X 
59 
42 
41 
41 
30 

14 
17 
<0 
45 
44 
49 
72 
75 
7# 
SI 
84 
87 
90 

1 

2 

5 

4 

5 
4 

7 

8 

9 

10 

11 

12 

15 


PMJJI-T.T  AMOS  I'ROP AfiATION  HUN  STATIONS  IN  DEEP  BATE* 


A.  Hl*h  I'icqvency  1 2,2.  8,  18.  21  (21.  29)  kc] 


l>M* 

(nun) 

L.atltudr 

LmnliuOt 

tUM 

Dnpik 

<!■) 

MNnpvUc 
Stntlott  Nn. 

II  VI  49 

■59°42*N 

70*54*8 

1340 

35-1 

19  VI  49 

3B*I7’N 

69®21'B 

1900 

35*2 

19  VI  49 

IS'U'N 

48*17*8 

2330 

33-5 

22  VI  ^9 

J6°!VN 

42*01*8 

2300 

32-3 

72  VI  44 

56°15'N 

11*11*8 

2800 

1*6 

24  VI  49 

43®I2*N 

40*00*8 

890 

32*9 

14  VII  49 

30*33*N 

39*56*8 

2800 

35-2 

17  VII  49 

50°I5.5*N 

54*28*8 

2960 

34*3 

18  V||  49 

S0°3VN 

48*11*8 

2620 

33-5 

20  VII  49 

50#11.J  N 

43*17.5*8 

I7» 

34-6 

21  VII  49 

31°07'N 

37*42*8 

1830 

33*8 

22  VII  49 

31°24*N 

32*04. 6'8 

2400 

34*9 

25  VII  49 

J1°37.1'N 

2*i®30. 2*8 

2823 

31-11 

21  VII  49 

!1°17.VN 

20*49.0*8 

2600 

14*12 

26  VII  49 

52°IJ.4'N 

15*26.0*8 

2340 

11-14 

28  VII  49 

34*24. 2*N 

7*33.1*8 

710 

14*16 

51  VII  49 

56°0V0'N 

9*45- 1*8 

2170 

14*19 

1  VIII  49 

J8®2»*N 

10*25.1*8 

265" 

13*19 

B  Vin  49 

40*49.1' N 

13*49.3*8 

2800 

34*22 

10  VI1E  49 

44*14. 5’N 

16*ll.3'8 

2400 

33*21 

11  V|||  49 

46*<4,N 

12?44*8 

2250 

34-23 

12  VIII  49 

47®49'N 

10*18*8 

2093 

19  VIII  49 

51°irN 

14*33. 18 

330 

20  VUI  49 

32®06.B*N 

20*21*8 

2040 

21  VIII  49 

55°04.6'N 

26*16.8*8 

1900 

3 

22  VIII  49 

33®32*N 

31*34*8 

1440 

25  VIII  49 

30*43. 2*N 

31*13*8 

1830 

21  VIII  49 

47*19. 1'N 

30*24,5*8 

5850 

24  VIII  49 

45*45.  VN 

29*09*8 

2600 

29  VIII  49 

59®10’N 

27*43*8 

.  643 

33*33 

2  IX  49 

37°1L8'N 

32*04.9*8 

1200 

34*40 

5  IX  49 

36*31.  B'N 

58*51.2*8 

1750 

55-38 

5  IX  49 

36*14. 3*N 

44*50. 1*8 

2500 

34*43 

6  IX  49 

J4°43.6'i4 

31*26.6*8 

2390 

53-41 

7  IX  49 

51®04.8'N 

58*03. 5*8 

2480 

34-46 

1111  50 

34*4 1.8'N 

70*00.6*8 

- 

38*2 

ISO  50 

26*12.1*11 

49*06.0*8 

- 

— 

22 11  50 

16*35.0’N 

66*31. 1*8 

2350 

— 

2511  » 

12*16.071 

62*30.0*8 

1600 

18-9 

28  11  50 

11®2M'N 

59*19.8*8 

1010 

18-10 

1  111  50 

16®19.3*N 

58*28.2*8 

29» 

18-11 

5 IU  50 

21*16. 2'N 

37*54.1*8 

2770 

59-20 

5  111  50 

24*20. 1'N 

37*08.1*8 

5000 

38*14 

6  III  50 

31*18.071 

36*28.2*8 

2963 

39*23 

8  IU  50 

36®I3.5*N 

53*56.5*8 

2850 

38*17 

10  III  50 

41®16.3*N 

53*08.3*8 

2850 

39*23 

14  in  50 

41*15. 1'N 

50*03.9*8 

2000 

38*21 

17  IU  50 

58*1 5.  VN 

44*28.0*8 

2773 

39-28 

(CoMlnneO) 
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Dale 

(nan) 


Table  |  (Cnnt’d) 
Latitude  I 


Longitude 


Water  DtpiT 
((at) 


19  III  30 

33°29.0,M 

37*19. 2*W 

I960 

39-30 

ID  III  90 

33°  13.6'N 

33*46. 3*W 

1390 

99-31 

13  in  30 

36*22.0'N 

29*39.0*1 

1700 

39-32 

» lie  90 

42°31.3*N 

22*43. 2*W 

2000 

39-34 

SOU)  90 

46*4 1.0  *N 

18*38.0*1 

2400 

39-36 

3111!  90 

49°30,0'N 

13*00.2*1 

2490 

39-37 

laiv  90 

19*32.2*0 

22*31.0*1 

2180 

39-60 

301V  90 

24*52.3*0 

28*19.5*1 

3000 

38-33 

4  V  90 

30°023*M 

33* 10,0*1 

2210 

39-63 

0  V  90 

29°36.2’N 

42*39.3*1 

1660 

39-63 

•  V  90 

30°49.«’H 

32*08.3*1 

2850 

59-67 

10  V  30 

3I°37.9’N 

60*98.0*1 

2620 

58-40 

23  XI  90 

29°  11.0*0 

70*20,0*0 

2860 

26  XJ  30 

19°32.0*N 

67*55.0*1 

2000 

62-1 

20  XI  90 

14° 14.8*0 

72°la.7*l 

1800 

63-4 

29  XI  90 

1!°31. 1*0 

75*23. 5*1 

2100 

63-3 

1  XII  90 

17°  11.6*0 

81*12.9*1 

710 

63-7 

3  XII  30 

23°33.4*0 

83*53.6*1 

1200 

63-9 

4  II  91 

31®23.9*N 

67*32. 1*1 

2750 

63-1 

1 

«  P  31 

30*24.3*0 

61®  8.0*1 

2800 

69-3 

i 

III  91 

30*38.5*0 

33*13.9'! 

3020 

59-4 

i 

9 II  31 

30°  23.0*0 

49®  9.0*1 
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69-3 

i 
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30*23.0*0 

30*44.0*1 
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j 
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i 
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64-11 

j 
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j 
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64-18 
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64-19 
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63-21 
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41*38. 0'O 
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64-21 

22  10  31 
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65-26 
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39*43.0*0 
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64-26 

| 
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7*56.0’! 

2620 

64-27 

1* IV  31 

46®34.4*N 

9*32.0*1 
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69-31 

12 IV  91 

46®23.0'N 

12®10,0*W 

2230 

65-32 

i 

13  IV  31 

43*00.0*0 

18*40.0*1 

2390 

64-33 

19  IV  31 

32*34.0*0 

30*33.0*1 

2230 

64-36 

] 

21  IV  31 

32*37.0*0 

36*47.0*1 

1740 

64-37 

23  1V  31 

32*50.0*0 

53"39.0*1 

2550 

69-41 

! 

27  IV  31 

32*46.0*0 

39*06.0*1 

2640 

64-41 

j 

2  VO  91 

41*20.0*0 

39®16.0'W 

2600 

66-2 

| 

4  VO  91 

44®42,0'0 

47*23.0*1 

2000 

67-4 

6  VO  91 

49*49.3*0 

43*13.0*1 

2230 

67-6 

j 

8  VII  31 

34®  2.0'N 

38®13;0’W 

1480 

66-8 

■ 

9  VO  31 

34*31.0*0 

34*38.0’! 

1000 

67-6 

12  VII  91 

38*19.0*0 

33*13.0-1 

950 

67-9 

14  VO  91 

42*20.0*0 

27*37.0*1 

800 

67-10 

20  V0  91 

39*39.0*0 

22*46.0’* 

1300 

66-13 

; 

22  VII  31 

34*  L0*H 

21®  0.0*1 

1900 

66-19 

; 

24  VO  91 

43*22.3*0 

19*24.2’! 

2300 

67-13 

I 

26  VII  91 

40*15.0*0 

18*32.0'! 

3000 

67-16 

1 

2  Vld  91 

38*35.4*0 

16*24. 1*1 

2950 

67-18 

3  VIO  31 

41*47.6*0 

15*59.8*1 

2875 

66-21 

4  VIO  91 

44®  I.I'N 

15*48.6’! 

3000 

67-19 

6  VUI  91 

46*25.6*0 

13*18.0’! 

2400 

66-22 

• 

7  VOI  31 

50*18.7*0 

14*37.7*1 

2300 

66-23 
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32 
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10 
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11 
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12 

18  VII 

52 

75o32.0'N 

0°53.0'B 

963 

71-42 

13 
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14 
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52 
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71-45 
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16 
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52 
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17 
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72-6 
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53 
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72-8 

10 
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n 

IG  III 
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12 
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53 
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13 
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M 
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53 
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53 
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17 
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33 

24°32. I'M 
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72-21 

18 

5  IV 

53 

26°25.  I'M 

69°5 1.  l’W 

2975 

73-27 

19 

6  IV 

53 

25°I4.0'N 

7I°3B.7*W 
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72-22 
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53 
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21 

15  IV 

53 

29°4 1. 1’N 
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.In  1'iMiiioit,  nil  «!>«.-  wartime  ucoustic  and  cnvi- 
icriirds  of  the  University  of  California 
Di  vision  of  War  Research  have  been  transcribed  on 
IBM  cauls.  1  lie  shallow-water  propagation  survey* 
rondo  in  Fishers  Island  Sound  by  the  Columbia  Uni¬ 
versity  Division  of  War  Research  and  the  East 
Coast  and  Gulf  of  Mexico  shallow- water  propaga¬ 
tion  surveys  carried  out  by  WHO!  have  been  tran¬ 
scribed  to  punched-card  form.  An  inventory  of  these 
propagation  and  environmental  data  in  the  Labora¬ 
tory’s  IBM  punched-card  file  is  presented  below: 

UCPWK  Acoustic  Dats 

(Caul  Layout  Forma.  FIre.  9-12,  tJSL  Report  No.  147) 


No.  of  Card! 

I  . cm  Fic  title  (icy: 

Acoustic 

1861 

0.2.  0,6.  1.8,  7.3,  und  22.3  kc 

Environmental 

436 

HIrIi  Frequency. 

Acoustic 

4112 

10,  14.  20,  40,  Htid  60  kc 

but  primarily  24  kc 

Environments! 

1541 

7950 

Fislicrs  Island  Sound  and  Bloch  Island  Sound  Shallow-Waler  Data 
(Columbia  University  Division  of  War  Research) 

Number 

Environmental  Csrds  30 

Acoustic  Data  Card  a  100 


Woods  Hole  Oceanographic  Inaututlon 
Shallow- Water  Acoustic  Data 

Number 


Daihythetmosrsph  Card* 

863 

Environmental  Cards 

300 

Acoustic  Cards 

500 

During  the  year  1951,  a  set  of  QIIBa  perform¬ 
ance  charts  was  prepared.  Included  in  this  set 
were  monthly  tables  and  charts  of  expected  sweep 
width  for  QIIBa-cquipped  surface  vessels  for  four 
operational  submarine-depth  intervals.  Such  stra¬ 
tegic  charts  may  be  used  in  comparing  convoy 
routes  from  the  point  of  view  of  sonar  protection 
and  also  fut  submarine  operations.®  This  informa¬ 
tion  was  transmitted  to  the  Hydrographic  Office 
for  publication  and  dissemination. * 

•3  Sample  charts  may  be  found  in  USL  Report  No. 
147  (CONFIDENTIAL). 

4  Sec  USI,  letter  to  the  Hydrographic  Office,  ’’Status 
of  Project  AMOS,"  «er.  11I0-0J6,  1  November  1951 
(CONFIDENTIAL). 


In  preparing  these  chnrts  it  was  necessary  to 
establish  a  QIIBa  figure-of-mcrit  measurement* 
program,  which  extended  well  into  the  year  1952.* 
As  a  result,  the  figures  of  merit  of  27  destroyer- 
type  ships  of  the  F'leet  were  obtained  under  vari¬ 
ous  environmental  und  ship  operating  conditions. 
Approximately  200  sonarmen  participated  in  these 
operations.  Jn  addition  to  the  data  required  for  the 
strategic  operational  charts,  many  other  important 
results  were  obtained  from  this  figurc-of-merit  pro¬ 
gram.  Significant  personnel  factors  were  uncovered, 
the  importance  of  a  clean  sonar  dome  was  empha¬ 
sized,  and  the  importance  of  a  more  rapid  audio- 
beam  search  than  that  prescribed  by  QilDa  doc¬ 
trine  was  established. 

An  analysis  was  also  made  of  the  propagation 
data  with  respect  to  variable-depth  sonar  applica¬ 
tions.6  Project  AMOS  data  were  applied  to  the 
problem  of  determining  the  optimum  depih  for  vari¬ 
able  depth  sonar  and  the  gains  to  be  expected  for 
a  system  operating  at  this  depth. 

Another  study  carried  out  in  the  year  1952  con¬ 
cerned  the  expected  operational  performance  of  echo- 
tanging  sonars  at  5  kc  and  10  kc. 7  In  this  work, 
aimed  at  efficient  system  design,  Project  AMOS 
propagation-loss  data  at  acoustic  frequencies  of 
2.2,  8,  16,  21,  25,  and  29  kc  were  analyzed  as  a 
function  of  range  and  operational  submarine-depth 
intervals  for  various  BT  AMOS  cooc  classes,  A 
study  was  also  made  of  the  expected  propagation- 
loss  anomaly,  at  various  ranges,  arising  from  bot¬ 
tom-reflection  acoustic  paths  in  deep  water.  These 
propagation  data  were  applied  to  monthly  environ¬ 
mental  statistics  for  the  North  Atlantic  Ocean  area 
between  30°  N  and  40°  N  in  order  to  obtain  the  ex¬ 
pected  median  range  for  four  equipment  figures  of 
merit  (140,  150,  160,  and  170  db)  for  5-kc  and  10- 
kc,  hull-mounted,  echo-ranging  sonar  systems.  In 
the  present  report,  a  modified  version  of  this  study 
has  been  prepared  for  systems  at  8  and  14  kc.  * 


*  This  program  is  described  by  M*  Schulkin,  F.  & 
White,  Jr.,  and  R.  A.  Spong  in  QHUo  Pigur^of-Merli 
Teats,  USL  Report  No.  187,  3  April  1953  (CONFIDEN¬ 
TIAL). 

t>  See  Appendix  A  ol  Report  on  the  Sluius  ol  Project 
AMOS  (1  January  -  )l  December  1937),  by  II.  W.  Marsh, 
Jr,,  and  M.  Schulkin,  USL  Report  No.  188,  3  April  1933 
(CONFIDENTIAL). 

7  See  USL  Report  No,  188  (CONFIDENTIAL),  Ap¬ 
pendix  l). 

8  See  Study  F. 
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Bottom- f eflection  paths  at  these  frequencies  have 
been  found  to  he  less  important  than  reported  ear¬ 
lier. 

Also  in  connection  with  this  program  a  study 
concerned  with  the  temperature  dependence  of  at¬ 
tenuation  was  prepared.9  The  study  of  Project 
AMOS  propagation  measurements  made  in  isothermal 
water  shows  that  the  temperature  of  the  water  has 
an  important  effect  upon  the  propagation  loss,  the 
loss  being  greater  in  colder  water. 

In  addition,  propagation  loss  in  isothermal  lay¬ 
ers  depends  slightly,  but  consistently,  upon  pro¬ 
jector  and  receiver  depths.  Data  which  showed  the 
distribution  of  propagation  loss  at  frequencies  from 
,2  to  25  kc,at  ranges  from  1  to  33  kyd,  at  projector 
and  receiver  depths  from  20  to  500  ft,  and  at  water 
temperatures  from  35°  F.  to  70°  F.  were  presented. 
The  probable  error  under  prescribed  conditions  was 
3  db-  The  temperature  effect  is  in  good  agreement 
with  a  model  exhibiting  a  single  relaxation  proc¬ 
ess. 10  Also,  a  wave  theoretical  treatment  of  the 
propagation  problem  shows  that  certain  features  of 
the  observed  depth  dependence  are  explicable. 

Analyses  of  low-frequency  noisemaker  runs 
made  on  certain  of  the  AMOS  cruises  were  also 
carried  out.11  The  purpose  of  these  runs  was  to 
determine  attenuation  values  for  propagation  oflow- 
ftequency  ( 100  to  10,000  cps)  sound  under  various 
oceanographic  conditions.  Topics  of  interest  in¬ 
clude  propagation  in  surface  channels,  channeling 
of  sound  betwr-.a  the  ocean  surface  and  bottom, 
distances  between  focus  points  at  various  latitudes, 
and  modification  or  design  of  equipment  for  better 
production  and  reception  of  low-frequency  sound 
in  the  ocean. 

The  broad-band  magnetic-tape  records  of  low- 
frequency  iioisemakcrs  are  being  processed  with 
automatic  equipment.  The  end  product  is  a  set  of 
IBM  punched  cards,  at  approximately  250-yard  in¬ 
tervals,  which  contaia  the  measured  level  in  ten 
frequency  bands  from  approximately  200  cps  to 
10,000  cps;  the  actual  frequencies  depend  on  the 
source  used.  These  runs  can  extend  out  to  abuut 
B0  kyd,  and  background  noise  levels  are  entered 


>  See  USL  Report  No.  188  (CONFIDENTIAL),  Ap¬ 
pendix  C 

‘0  A  formula  for  the  temperature  effect  on  absorption 
including  relaxation  unJ  viscous  terms  is  presented  in 
Study  A  of  this  report. 

If  See  Studies  1  and  J  of  this  report. 


periodically  in  place  of  the  noisemaker  levels. 
Level-versus-rnnge  plots  have  been  made  for  the 
card  data  by  means  of  the  automatic  plotting  ma¬ 
chine.  Range  values  were  obtained  from  range- 
versus-travcl  time  curves  drawn  from  the  bomb-drop 
data.  Sound-velocity-versus-depth  plots  were  coa»- 
pleted  for  all  deep  Nansen  cast  data  of  Cruise 
TWELVE,  and  some  ray  computations  were  made 
therefrom. 1 1 

From  the  level-versus-range  plots,  levels  have 
been  read  and  tabulated  for  0.25-kyd  increments 
from  1  to  2  kyd,  0.5-kyd  increments  from  2.0  to  5.0 
kyd,  1-kyd  increments  from  5  to  10  kyd,  2.5-kyd 
increments  from  10  to  20  kyd,  nnd  5-kyd  increments 
from  20  kyd  to  the  conclusion  of  the  run.  In  the 
focus  region,  ■  readings  are  tabulated  at  0.25-kyd 
range  increments. 

Source  levels  for  the  two  soutces  have  been 
determined  by  assuming  spherical  spreadingto  1000 
yd  for  each  station  and  extrapolating  the  value  at 
1000  yd  back  to  l  yd.  An  average  value  for  each 
frequency  band  was  then  computed  from  the  ex* 
krapolared  values. 

Plots  of  measured  level  plus  computed  spread¬ 
ing  and  absorption  loss  have  been  made  against 
the  grazing  angle  at  the  ocean  bottom  for  frequen¬ 
cies  of  1,  2,  aiid  8  kc  for  those  stations  for  which 
a  reasonable  estimate  of  the  ranges  at  which  bot¬ 
tom  reflection  paths  predominate  could  be  made. 

An  analysis  of  AMOS  transmission  data  in  the 
2-  to  25-kc  frequency  region,  including  propagation 
by  way  of  the  bottom,  has  been  completed. 11  It  is 
believed  that,  for  the  most  port,  propagation  at 
these  frequencies  in  deep  water  is  fairly  well 
understood  in  terms  of  environmental  factors.  In 
another  report, 1  *  contours  of  transmission  loss 
have  been  plotted  for  ten  frequencies  and  three 
projector  depths,  for  a  standard  temperature 
(50°  F.)  and  a  standard  layer  depth  (100  ft).  Cor¬ 
rection  charts  have  been  plotted  for  each  frequency 
for  the  correction  required  because  of  changes  in 
layer  depth,  temperature,  and  sea  state.  Values  for 
the  absorption  coefficient  as  a  function  of  fre¬ 
quency  and  temperature  arc  also  included.  These 
data  have  been  used  nnd  will  continue  to  be  used 
in  the  future,  in  rhe  frequency  range  covered,  fot 

'-•For  the  my  methods  used,  see  Studies  H  and  J  of 
this  report. 

13  See  Study  A. 

14  Sec  Study  B. 


Fig.  2*  Tronimf sslon  Lois  vi.  Rang*  lor  Standard 
Condition! 

operational  applications  involving  echo-ranging, 
variable-depth  sonar,  andpnssive  submarine  sonar. 
It  is  important  to  have  a  standard  reference  of 
transmission  loss  related  to  range  and  frequency. 
Figures  2  and  3,  applying  to  specific  environ¬ 
mental  conditions  which  ate  typical  of  those  oc¬ 
curring  naturally,  are  recommended  for  this  pur¬ 
pose. 

The  AMOS  propagation  results  were  used  to 
construct  lateral  range  curves  for  hull-mounted, 
echo-tanging  sonars  at  various  frequencies  and 
figures  of  merit  for  submarines  at  periscope  depth 
and  at  the  best  depth  for  avoiding  detection.1* 
The  curves  apply  to  specific  layer  depths  and  sur¬ 
face  temperatures.  Such  curves  were  used  by  CAPT 
S.  D.  B.  Merrill  to  space  the  ships  of  hits  screen 
in  AsDevEx-I.  A  subsequent  study  of  AsDevEx-I 
and  other  available  data  showed  that  predicted  and 


I®  See  Study  E. 


PROPAGATION  ANALYSIS  AND 


Fig.  3  -  Transmission  Loss  vs.  Fraquancy  lor  Standard 
Conditions 

measured  range  performance  compared  favorably 
at  nil  frequencies  over  a  range  of  propagation  con¬ 
ditions.  *® 

As  a  result  of  its  experience,  the  Laboratory 
has  been  assigned  the  problem  of  preparing  n  sonar 
range  prediction  manual  to  replace  the  existing 
manual.  Sonar  Prediction  with  the  Bathythermo¬ 
graph  (NAVSHIPS  900,111,  l  October  1947,  CON¬ 
FIDENTIAL).  The  Laboratory  also  plans  to  use 
its  propagation  information  in  the  analysis  of  op¬ 
erational  submarine  array  sonar  contact  reports. 
All  such  reports  received  to  date  have  been  key¬ 
punched,  checked,  and  listed.  Listings  have  been 
distributed  to  ComSubPac,  GomSubLant,  SubDev* 
GtuTWO,  and  Buteau  of  Ships. 


Id  See  Study  F.  This  study  *»•  delivered  ss  •  paper 
at  the  Ninth  Navy  Symposium  on  Underwater  Acoustics, 
17  Jane  1954,  at  the  Naval  Research  Laboratory,  Wash¬ 
ington,  D.  C. 


SONAR  RANGE  PREDICTIONS 


The  nine  studies  appended  to  this  report  re¬ 
present  work  done  on  Project  AMOS  during  the 
veins  1953-54  in  the  fields  of  propagation  analysis 
and  sonat  tango  predictions,  project  AMOS  collected 


large  quantities  of  propagation-loss  data  on  ex¬ 
tensive  cruises  to  all  parts  of  the  North  Atlantic 
in  all  seasons  in  order  to  extend  our  knowledge  of 
propagation,  both  with  respect  to  ucousiic  fre- 


9 


JMUh'r 


quency  and  depth  of  em^ioim  positions  of  the  prop¬ 
agation  pitth.  As  each  cmlse  was  completed,  the 
data  were  examined  and  analyzed  in  the  light  of 
previous  cruise  results,  existing  knowledge,  and 
contemporary  research  by  other  working  groups. 17 

Hie  final  analysis,  as  given  in  Study  A,  was 
considered  to  be  consistent  with  information  then 
available.  The  propagation-loss  data  obtained  from 
AMOS  cruises  at  discrete  frequencies  of  2.2,  B,  16, 
and  25  kc  were  analyzed  and  interpreted  according 
to  a  definite  model.  Equations  of  propagation  loss 
were  obtained  for  the  model  and  fitted  with  semi- 
empirical  coefficients. 

The  steps  used  to  artive  at  this  model  con¬ 
sisted  of  (1)  finding  the  important  acoustic- ocea¬ 
nographic  variables,  ( 2)  studying  acoustic  patterns 
in  situations  when  one  of  these  variables  domi¬ 
nated,  and  (3)  making  (he  simplest  assumptions  re¬ 
garding  the  acoustic  interrelation  of  these  varia¬ 
bles  and  adding  complications  only  when  the 
exigency  of  incorporating  a  large  body  of  data  into 
the  model  so  required. 

The  model  was  constructed  from  several  modes 
of  propagation,  each  of  which  became  important 
under  certain  conditions  of  the  wide  range  of  geog- 


>7  Some  of  the  reports  and  articles  consulted  during 
the  propagation  analysis  were;  "Tisnsmissioa,"  Parti, 
Physics  o/  Sound  in  the  Sea,  Summary  Technical  Re¬ 
port  of  Division  6,  NDRC,  vol.  8,  1946  (UNCLASSI¬ 
FIED);  Principles  and  Applications  of  Underwater 
Sound,  Summary  Technical  Report  of  Division  6,  NDRC, 
vol.  7,  1946  (RESTRICTED);  Sonar  Data  Division, 
UCDWr.,  "The  Influence  of  Thermal  Conditions  on  the 
Transmission  of  24-hc  Sound,"  UCDWR  U307,  16  M»rch 
1945  (CONFIDENTIAL);  R.  J.  Utick,  "Sound  Transmis¬ 
sion  Measurements  at  8  and  16  kc  in  Caribbean  Waters, 
Spring  1949,"  NRL  Report  3556,  11  Novembet  1949 
(CONFIDENTIAL);  R.  J.  Urick,  "Sound  Transmission 
Measurements  in  the  Long-Island-Bermuda  Region," 
NRL  Report  3630,  6  September  1950  (CONFIDENTIAL); 
R,  ].  Urick,  "Sound  Transmission  to  Long  Ranges  in 
the  Ocean,"  NRL  Report  3729,  6  September  1950  (CON¬ 
FIDENTIAL);  H.  R.  Baker,  A.  G.  P  leper,  nnd  C.  W. 
Searfoss,  "Measurements  of  Sound  Transmission  Loss 
nt  Low  Frequencies  1.5  to  5  kc,"  NRL  Report  4225, 
23  September  1953  (CONFIDENTIAL);  W.  C.  Meechsm, 
W.  II.  Kcliy,  j.  R.  Frederick,  "An  Investigation  of  the 
Sound  Transmission  Loss  in  and  below  an  Isothermal 
Layet,"  Technical  Report  project  M936,  7  July  1953, 
Engioeeiing  Research  Institute  University  of  Michigan 
(CONFIDENTIAL);  and  J.  R.  Ftederick,  J.  C.  Johnson, 
W.  H.  Kelly,  "An  Analysis  of  Underwater  Sound  Trans¬ 
mission.,  Data,"  Interim  Technical  Report,  Project 
M936,  April  1954  (No.  1936- f-T),  Engineering  Research 
Institute,  University  of  Michigan  (CONFIDENTIAL). 


rnphy  and  season  covered  by  the  AMOS  cruises. 
While  other  observed  effects  could  be  Included 
readily,  it  was  found  that  these  occurred  in  an  ex¬ 
treme  way  only  in  certain  localities.  It  was  felt 
that  to  introduce  other  parameters  in  otder  to  take 
these  into  account  would  unduly  complicate  the 
analysis  and  would  not  improve  the  prediction  ca¬ 
pabilities  for  most  of  the  localities  and  seasons. 
In  particular,  the  magnitude  of  the  thetmocline 
gradient  was  an  important  variable  of  this  type. 
The  propagation  data  for  all  thermocline  gradients 
were  grouped  in  one  class.  In  addition,  the  ptep- 
agation  data  fot  ail  temperature  gradients  more 
positive  than  -0.3°  F./100  ft  were  considered  In 
the  mixed-layer  class.  It  is  recognized  that  these 
assumptions  must  be  modified  for  worktn  particular 
localities. 

The  important  oceanographic-acoustic  varia¬ 
bles  for  the  frequencies  under  study  were  found  to 
be  isothermal  layer  depth,  temperature,  and  sen 
state.  The  temperature  effect  was  best  studied  In 
the  situation  where  a  constant  temperature  pre¬ 
vailed  to  very  great  depths.  Under  such  conditions, 
it  was  found  that  the  acoustic  field  was  generally 
constant  with  depth  at  a  fixed  range  out  to  tanges 
of  the  older  of  24  kyd,  the  limiting  range  of  the  ex¬ 
perimental  measurements.  In  such  circumstances, 
the  attenuation  constants  were  computed  and  plotted 
against  temperature  fot  the  four  frequencies.  These 
data  were  then  considered  with  respect  to  existing 
data  of  the  same  kind  and  to  other  laboratory  meas¬ 
urements.  The  parameters  of  a  theoretical  expres¬ 
sion  involving  the  sum  of  a  viscous  contribution 
and  a  relaxation  phenomenon  contribution  were 
then  determined.  Formula  (7)  of  Study  A  represents 
the  resulting  expression.  Figures  10  and  11  of  Study 
B  and  Fig.  3  of  Study  A  are  graphs  based  on  this 
formula.  It  should  be  noted  that  the  final  value  of 
the  relaxation  coefficient  is  less  than  the  value 
0.76  presented  in  an  earlier  work.  ** 

The  next  variable  studied  was  Isothermal  layer 
depth.  In  shallower  layers  than  those  considered 
in  the  previous  paragraph,  there  is  a  residual  atten¬ 
uation  loss  which  depends  on  layer  depth,  range, 
frequency,  receiver  and  projector  depth,  and  sea 
state.  It  was  quite  obvious  from  the  data  that,  at  a 
fixed  range  and  projector  and  receiver  depth,  the 
residual  attenuation  increased  the  higher  the  sea 
state,  the  higher  the  frequency,  and  the  shallower 
the  layet  depth. 

It  See  Appendix  C,  USL  Report  No.  188. 
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Thus,  some  kind  of  scattering  phenomenon 
which  iltprinlt'il  directly  on  sen  state,  nml  inversely 
on  volume,  since  a  greater  loss  was  observed  for 
shallower  layers,  seemed  co  be  operative.  Thia 
could  he  explained  mo st  easily  on  die  basis  of  a 
surface  scattering  phenomenon.  A  possible  mech¬ 
anism  for  volume  scattering  could  be  visualized 
whereby  sea  state  somehow  introduced  volume 
scattering  elements  so  that  shallower  layers  had 
more  intense  scattering  centers.  Assuming  that  the 
mechanism  is  one  of  surface  scattering,  the  loss 
can  lie  related  to  the  degree  of  contact  that  the 
acoustic  energy  has  with  the  sea  surface  as,  well 
as  to  the  size  and  frequency  of  the  surface  irreg¬ 
ularities.  For  an  omnidirectional  source,  the  frac¬ 
tion  of  rays  which  are  refracted  upwards  to  meet 
the  surface  depends  on  the  layer  depth.  The  range 
of  the  limiting  ray  is  a  measure  of  this  fraction. 
This  range  between  successive  surface  contacts 
of  the  limiting  tay  turns  out  to  be  the  \fL/l  in 
kiloyards  if  L  is  expressed  in  feet.  Thus,  \]~L  is  a 
suitable  scaling  factor  for  range  if  the  degree  of 
contact  of  energy  with  the  surface  is  a  satisfactory 
measure  of  the  energy  loss  from  a  surface  channel. 
Oy  further  scalingthe  projector  and  receiver  depths 
to  layer  depth,  it  would  seem  possible  Co  normalize 
the  data  for  all  layer  depths  at  any  single  fre¬ 
quency,  This  was  done  in  the  analysis  leading  to 
Study  A  and  proved  to  be  a  reliable  way  of  trans¬ 
lating  a  large  amount  of  data  into  a  single  prop¬ 
agation  class. 

Three  propagation  zones  were  recognized  In 
connection  ymh  propagation  in  the  presence  of 
isothermal  layers.  The  near  zone  is  defined  by 
a  limiting  ray  leaving  a  source  and  returning  to 
the  surface  after  touching  the  bottom  of  the  sur¬ 
face  channel.  In  this  zone  energy  travels  between 
points  by  a  direct  path  and  spreads  spherically.  In 
the  far  zone,  energy  is  propagated  down  the  channel 
after  two  or  more  contacts  with  the  surface,  and 
the  decay  of  the  acoustic  field  can  be  represented 
by  a  scattering  loss  coefficient  added  to  the  tem¬ 
perature  absorption  term  at  a  fixed  frequency. 
Cylindrical  spreading  holds  in  this  region.  The 
intermediate  zone  is  a  zone  of  transition  between 
the  near  zone  with  spherical  spreading  and  the 
far  zone  with  cylindrical  spreading  and  surface 
sealifting  loss.  A  semi  empirical  depch-loss  factor 
was  obtained  for  each  zone,  depending  on  the  ratio 
of  the  scaled  range  in  any  zone  to  the  scaled  zone 


width.  The  formulas  provide  a  propagation  loss  for 
any  projector-receiver  depth  pair. 

When  both  ends  of  the  propagation  path  are  not 
in  the  isothermal  layer,  energy  may  penetrate  below 
the  layer  by  way  of  surface  scattering,  diffractive 
leakage  from  the  surface  channel,  or  diffractive 
leakage  from  the  direct  beam.  The  firaptwo  cases 
are  token  care  of  by  the  depth-loss  factor  for  each 
of  the  propagation  zones  of  the  previous  mode. 

The  case  of  diffractive  leakage  from  the  direct 
beam  must  be  treated  individually  when  the  mode 
of  propagation  Involving  downward  refraction  pre¬ 
vails.  Downward  refraction  occurs  in  the  presence 
of  a  negative  velocity  gradient  directly  below  the 
surface  when  no  layer  is  present  or  in  the  thermo- 
cline  below  an  isothermal  layer.  Thus,  when  one 
end  of  the  path  is  in  the  surface  channel  and  one 
end  is  beneath  the  surface  channel,  this  mode 
applies  to  the  portion  of  the  energy  which  is  split 
at  the  limiting  ray  and  is  refracted  downwards. 
The  formulas  for  propagation  loss  for  this  node 
have  been  based  on  a  theoretical  expression  derived 
previously.*9  The  term  in  the  brackets  of  Formula 
(  2)  of  Study  A  has  been  fitted  with  empirical  coef¬ 
ficients  for  an  average  velocity  gradient.  The  equa¬ 
tion  for  the  limiting  ray  under  these  conditions  1st 

R  =  1/5  V|Z0-L|  +  1/5  ^|Z  -it  . 

Since  the  acoustic  intensity  may  be  dominated  . 
either  by  leakage  from  the  surface  channel  or 
diffracted  energy  frorr  the  downward  refracted 
beam,  computations  must  be  made  for  both  of  these 
modes  when  both  ends  >>f  the  propagation  path  ore 
not  in  the  layer.  The  .node  producing  the  leaser 
propagation  toss  is  the  one  that  prevails. 

An  important  mode  of  propagation  for  variable- 
depth  sonar  applications  occurs  when  a  depressed 
or  internal  sound  channel  is  present  and  both  ends 
of  the  propagation  path  are  in  the  channel.  The 
axis  of  the  channel  is  the  depth  of  a  sound  velocity 
minimum.  This  condition  usually  occurs  when  the 
temperature  gradient  levels  off  below  a  steep 
thcrmoclinc  and  the  pressure  effect  on  sound  ve¬ 
locity  with  increasing  depth  takes  over.  The 
SOFAR  channel  is  such  a  case  in  point.  It  has 


19  See  II.  W.  Marsh,  Jr.,  Theory  of  the  Anomalous 
Propagation  of  Acoustic  Waves  in  the  Ocean,  USL  Re¬ 
port  No.  Ill,  12  May  1950  (UNCLASSIFIED),  p.  35. 
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been  found  from  the  AMOS  ditto  that  for  shallow, 
depressed  channels  the  width  of  these  channels  Is 
approximately  equal  to  the  depth  of  the  channel 
axis.  This  model  has  been  used  to  obtain  an  ex* 
pression  for  the  propagation  loss,  which  is  the 
same  as  that  for  the  near  rone  of  the  surface  chart* 
nel.  It  should  be  noted  that  this  expression  holds 
on  the  average. 

Finally,  there  are  situations  where  energy  is 
propagated  between  two  points  by  way  of  the  bot* 
tom.  Data  from  several  sources  were  combined  to 
yield  a  set  of  curves  of  bottom  loss  versus  bottom¬ 
grazing  angle  for  frequencies  from  125  cps  to  32 
Ice.  |n  using  these  curves,  one  calculates  the 
spreading  and  absorption  loss  over  the  ray  path 
for  specular  reflection  on  the  bottom  and  inserts 
the  appropriate  bottom  loss.  For  echo-ranging  pur¬ 
poses,  the  one-way  propagation  loss  computation 
must  be  doubled.  Study  D  of  this  report  presents  a 
discussion  of  the  data  used  in  arriving  at  the  bot¬ 
tom-loss  curves. 

An  error  analysis  of  the  scmicmpirica)  formulas 
for  computing  propagation  loss  is  given  in  Study  C. 
It  is  shown  there,  on  the  basis  of  a  sampling  pro¬ 
cedure,  that  the  prediction  method  is  reliable  over 
the  range  of  frequencies  and  ranges  considered. 
Some  reduction  in  probable  errot  could  be  achieved 
perhaps  for  the  downward  refraction  mode  of  prop¬ 
agation  by  taking  the  magnitude  of  the  velocity 


gradient  into  account,  but  this  is  hardly  worth  the 
additional  complications. 

Study  F  compares  the  performance  of  various 
echo-tanging  sonars  from  the  point  of  view  of 
equipment  figure  of  merit  and  rsnge  performance. 
In  this  paper,  it  is  shown  that  the  prediction  metb- 
od  gives  results  which  compete  favorably  with  Ape t- 
ationol  range  performance  data.  Studies  E,  F,  and 
G  present  three  operational  applications  of  Project 
AMOS  results  to  surface  vessel,  echo-ranging  sonar 
perfotmanceptedtctionproblems.  20  In  these  studies 
the  expected  performance  of  echoranging  sonars 
under  various  environmental  and  operational  con¬ 
ditions  is  discussed. 

Study  H  contains  a  very  useful  and  interesting 
approach  to  the  problem  of  ray  tracing  and  field 
intensity  computations.  In  Studies  I  and  J  these 
methods  are  applied  especially  to  the  cnetgy  prop¬ 
agated  through  the  deep  ocean  by  way  of  the  SOFAR 
channel  to  focusing  regions.  A  more  detailed  appli¬ 
cation  of  this  theory  is  -made  to  the  data  obtained 
in  connection  with  the  Project  AMOS  low-frequency 
broad- band  noisemaker  runs.  It  is  shown  that  the 
quantitative  features  of  the  data  can  be  explained 
by  the  theory. 


The  concepts  of  "probability  of  detection"  and 
"lateral  range  curves"  are  discussed  la  detail  la  US. 
Report  No.  147. 


SUMMARY  REPORT  OF  AMOS  CRUISE  TWELVE*1 


/ 


The  Oceanographic  Survey  Unit  for  Cruise 
TWELVE  consisted  of  the  U5S  SAN  PABLO  (AGS- 


71  The  aummary  reportof  AMOS  Cruise  TVELVE  was 
prepared  by  LT  E.  C.  laelin,  Jr.,  Hydrographic  Survey 
Officer  at  the  Underwater  Sound  Laboratory.  The  opera¬ 
tion  order  for  this  cruise  appears  in  letter  from  the  Hy- 
drographer  to  ComSubLaot,  "Technical  Instructions  for 
AMOS  Ctulae  TWELVE!  forwarding  of,"  set.  09483,  31 
December  1932  (CONFIDENTIAL),  the  measurement! 
to  be  taken  on  thia  cruise  were  proposed  in  USL  letter 
to  the  Hydrogrspher,  "AMOS  Cruise  12;  schedule  oi," 
set.  1170-036,  14  November  1932  (CONFIDENTIAL). 


30),  CAPT  W.  D.  Day  (Commander  Oceanographic 
Survey  Unit);  ond  the  USS  REHOBOTH  (AGS-50), 
CAPT  R.  R.  Snyder. 

AMOS  Cruise  TWELVE  was  planned  primarily 
from  the  standpoint  of  obtaining  the  maximum 
amount  of  acoustic  data  supported  by  the  neces¬ 
sary  oceanographic  and  seismic  operations.  The 
following  measurements  were  proposed  by  the  t,ab* 
oratory; 

a.  27  Acoustic  Event  1 

b.  27  Acoustic  Event  8A 


r 
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c,  11  Acoustic  Event  3 
<1.  27  Acoustic  Event  6 
t.  5  Si'ccinl  Acoustic  Events 
f.  2  Acoustic  Event  8C 


The  total  cruise  time  was  88  days.  Of  this  time  64 
were  spent  at  sea. 

The  following  L  abocatory  personnel  participated 
in  AMOS  Csuise  TWELVE: 


The  following  Itinerary  was 

set  for  this  cruise: 

USS  SAN  PAULO 

USS  REHOBOTH 

Dilr 

<W\) 

Arrival.  Departure 

Place 

LT  E.  C.  Iselin,  Jr. 

ENS  D.  B.  Nichole 

26  January 

Departure 

Norfolk,  Va. 

ENS  B.  B.  Ilalleek 

Mr.  W.  H.  Thorp 

>0  January 

Arrival 

New  London,  Conn. 

Mr.  II.  F.  Bernier 

Ml.  L.  C.  Mapi<» 

7  February 

Peparture 

New  Ltiiton,  Conn. 

Mr.  F.  G.  We  tale 

23  February 

Arrival 

Bermuda 

Mr.  O.  P.  Dickers 

27  February 

Depanute 

Bermuda 

Mr.  S.  F.  Niedawechl 

13  March 

Arrival 

Trinidad,  B.V.I. 

17  March 

Departure 

Trinidad.  ELf.f. 

t(<  Match 

Arrival 

San  fuaa.  P.  K, 

30  March 

Departure 

Sau  Juan,  P.  R. 

ENS  Nichols  transfened  from  REHOBOTH  to  SAN 

10  April 

Arrival 

Naaaau 

PABLO  In  Trinidad.  Mr. 

H-  Johnson,  of  WHO!, 

13  April 

Departure 

Nassau 

was  embarked  in  REHOBOTH  during  the  Norfolk- 

23  April 

Arrival 

Philadelphia,  Pa. 

to-New  London  and  Bermuda- to- Trinidad  legs. 

EVENT  It  FOUR-FREQUENCY  TRANSMISSION-LOSS  MEASUREMENTS 


Twenty- two  Event  1  station  a  were  made  on 
AMOS  ' Cruise  TWELVE.  Since  die  multi-element 
line  hydrophone  was  not  available,  an  alternate 
operating  procedure  was  developed.  Briefly  stated, 
pulses  were  transmitted  while  the  transducers  were 
raised  from  500  feet  to  20  feet.  Receiving  trans¬ 


ducers  were  staiioned  at  20,  50,  100,  250,  and  500 
feet  with  one  transmitting  run  for  each  receiving 
depth.  Standard  ranges  for  Event  1  were  3000,8000, 
12,000,  18,000,  and  24,000  yards.  When  bathythermo¬ 
graph  conditions  were  such  that  no  transmissions 
were  to  be  expected  at  24,000.  yards,  an  additional 
range  of  50 00  yards  was  taken. 


EVENTS  4  AND  St  VERTICAL  REVERBERATION  MEASUREMENTS  (12  KO  AND  DEEP 
SCATTERING  LAYER  MEASUREMENTS 


No  Event  4  and  Event  5  data  were  obtained.  fathometer  transducer  was  damaged.  A  replacement 
As  a  result  of  heavy  pounding  of  tbe  SAN  PABLO  »•»  installed  in  Bermuda,  but  high-quality  recep- 

during  the  first  and  second  leg,  the  AN/UQN-1  tion  was  not  obtainable. 

EVENT  6t  VERTICAL  TRANSMISSION  AND  SCATTERING  LAVER  MEASUREMENTS 

(8,  16,  AND  34  KC) 

No  Event  6  data  were  obtained  because  offath*  failure,  but  later  they  were  found  to  be  caused  by 
ometcr  transducer  difficulties  on  the  ilE  HO  BOTH.  broke"  crystal  leads. 

At  first  these  difficulties  were  attributed  to  crystal 


EVENTS  8A  AND  BBi  LOW-FREQUENCY  PROPAGATION  MEASUREMENTS 


A  total  of  25  Event  8  type  measurements  were 
made.  Subdivided  by  types  they  were: 

F.vrnt  Even:  8B 

U  with  MW  4  4  with  bombs  only 

}  partial  tuns  with  MW  t 
T  tuns  with  bombs  only 

No  complete  siren  runs  were  made.  Repeated  me¬ 
chanical  casual  tv  to  the  siren  and  pump  overheat¬ 
ing  problems  precluded  its  effective  use  on  AMOS 
Cruise  TWELVE.  One  short  run  using  the  Mk  6 
was  made  tn  obtain  the  "signature”  of  the  device 
as  a  sound  source. 

The  schedule  included  (he  six  special  events 
described  below.  Detailed  reports  of  these  events, 
complete  with  track  charts  and  logs,  are  being  pre¬ 
pared  for  distribution. 

ABLE  (Site  1):  A  combination  of  unsuitable  weath¬ 
er  and  lack  of  coordination  between  the  aitcraft 
and  Office  of  Naval  Research  resulted  in  failure 
to  this  event. 

BAKER:  Special  Event  BAKER  started  at  20  1244Z 
Februury,  120  miles  northwest  of  Bermuda.  During 
the  course  of  the  circular  run  and  the  final  radial 
run  into  Bermuda,  360  bombs  were  fired.  Except 
for  time  out  of  commission,  the  Mk  4  was  operated 
intermittently  according  to  schedule.  The  final 
bomb  of  Phase  I  was  fired  at  230538Z  February. 
The  depth  of  detonation  of  the  SOFAR  shots  is 
doubtful.  The  detonutors  used  were  observed  to 
give  erratic  results  and  caused  detonation  to  vary 
from  premature  to  none  at  all.  Phase  II  started  at 
2B2015Z  February.  A  rota!  of  147  bombs  were  fired. 
The  event  ended  at  020630Z  March. 


CHARLIE:  This  event  was  executed  by  the  seis¬ 
mic  personnel  and  will  be  reported  by  them.  How¬ 
ever,  cursory  analysis  of  the  data  shows  no  evi¬ 
dence  supporting  the  existence  of  Echo  Bank. 
l)OG:  This  event  started  at  222204Z  March.  One 
hundred  and  two  bombs  were  fired.  The  Mk  4  oper¬ 
ated  one  hour  on,  one  hour  off.  No  Mk  4  casualties 
wete  experienced,  phase  1  ended  at  240100ZM*rch. 
Phase  II  started  at  301707Z  March.  The  two  runs 
(070°  and  304s)  were  run  in  accordance  with  the 
planned  schedule.  Sixty  bombs  were  dropped  on 
each  run.  On  the  490-mile  run  on  bearing  007°, 
260  bombs  were  fired.  The  event  ended  at  010043Z 
April. 

EASY:  Special  Event  EASY  started  at  08  1304Z 
April.  Forty-three  bombs  were  fired.  The  Mk  4  was 
operated  according  to  schedule,  phase  I  ended  at 
091219Z  April  and  Phase  II  started  at  132212Z 
April.  Seventy- eight  bombs  were  fired.  The  Mk  4 
operated  without  failure.  The  event  ended  at 
142345Z.  Upon  completion  of  this  event  the -signa¬ 
ture  run  of  the  Mk  6  was  made. 

ABLE:  (Site  2):  To  utilize  time  more  economically 
it  was  decided  to  abandon  the  site  of  the  first 
Event  BC.  It  was  planned  to  conduct  Special  Event 
ABLE  and  Event  8C  at  Site  2.  Event  ABLE  was 
almost  completed  when  heavy  weather  caused  aban¬ 
donment  of  the  site. 

The  following  major  material  casualties  and 
deficiencies  were  noted: 

a.  In  order  to  keep  the  Mk  4  operative,  con¬ 
tinuing  maintenance  wasrequired.  Four  diaphragms 
were  used. 

b.  T  he  Mk  6  can  not  be  towed  at  speeds  over 
5  knots.  It  was  not  used  except  for  the  one  sign*, 
ture  run. 
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EVENTS  8A  AND  8B:  LOW-FREQUENCY  PROPAGATION  MEASUREMENTS 


A  total  of  25  Event  8  type  measurements  were 
made.  Subtil vided  by  types  they  were: 

Event  8^  Event  Bn 

tl  with  Mi  4  4  with  bomba  only 

3  partial  tuna  with  Mb  t 
7  tuna  with  bomba  only 

No  complete  siren  runs  were  mode.  Repeated  me¬ 
chanical  casualty  to  the  siren  am!  pump  overheat- 
in#  problems  precluded  its  effective  use  on  AMOS 
Cruise  TWELVE.  One  short  run  using  the  Mk  6 
was  made  to  obtain  the  "signature”  of  the  device 
as  a  sound  source. 

The  schedule  included  the  six  special  events 
described  below.  Detailed  reports  of  these  events, 
complete  with  track  charts  and  logs,  are  being  pre¬ 
pared  for  distribution. 

ABLE  (Site  l):  A  combination  of  unsuitable  weath¬ 
er  and  lack  of  coordination  between  the  aircraft 
and  Office  of  Naval  Research  resulted  in  failure 
to  this  event. 

BAKER:  Special  Event  BAKER  started  at  20  1244Z 
February,  120  miles  northwest  of  Bermuda.  During 
the  course  of  the  circular  run  and  the  final  radial 
run  into  Bermuda,  360  bombs  were  fired.  Except 
for  time  out  of  commission,  the  Mk  4  was  operated 
intermittently  according  to  schedule.  The  final 
bomb  of  Phase  I  was  fired  af  230  5  38Z  February. 
The  depth  of  detonation  of  the  SOFAR  shots  is 
doubtful.  The  detonators  used  were  observed  to 
give  erratic  results  and  caused  detonation  to  vary 
from  premature  to  none  at  all.  Phase  II  started  at 
2820 15Z  February,  A  total  of  147  bombs  were  fired. 
The  evenf'  ended  at  020630Z  March. 

I 


CIIARl.lF.:  This  event  was  executed  by  the  seis¬ 
mic  personnel  and  will  be  reported  by  them.  How¬ 
ever,  cursory  analysts  of  the  data  shows  no  evi¬ 
dence  supporting  the  existence  of  Echo  Bank. 
DOG:  This  event  started  at  22  2  204Z  March.  One 
hundred  and  two  bombs  were  fired.  The  Mk  4  opet- 
nted  one  hour  on,  one  hour  off.  No  Mk  4  casualties 
wete  experienced. Phase  1  endedat  24G 100 Z March. 
Phase  It  started  at  301707Z  March.  The  two  runs 
(070°  and  304°)  were  run  in  accordance  with  the 
planned  schcdute.  Sixty  bombs  were  dropped  on 
each  tun.  On  the  400-mile  run  on  bearing  007°, 
260  bombs  were  fired.  The  event  ended  at  0I0043Z 
April. 

EASY:  Special  Event  EASY  started  at  0B1304Z 
April.  Forty-three  bombs  were  fired.  The  Mk  4  was 
operated  according  .o  schedule.  Phase  I  ended  at 
091219Z  April  and  phase  II  started  al  132212Z 
April.  Seventy-eight  bombs  were  fired.  The  Mk  4 
operated  without  failure.  The  event  ended  at 
142345Z.  Upon  completion  of  this  event  the -signa¬ 
ture  run  of  the  Mk  6  was  made.  . 

ABLE:  (Site  2):  To  utilize  time  more  economically 
it  was  decided  to  abandon  the  site  of  the  first 
Event  BC.  It  was  planned  to  conduct  Special  Event 
ABLE  and  Event  8C  at  Site  2.  Event  ABLE  was 
almost  completed  when  heavy  weather  caused  aban¬ 
donment  of  the  site. 

The  following  major  material  casualties  aad 
deficiencies  were  noted: 

a.  In  order  to  keep  the  Ml:  4  operative,  con¬ 
tinuing  maintenance  was  required.  Four  diaphragms 
were  used. 

b.  The  Mk  6  can  not  be  towed  at  speeds  over 
5  knots.  It  was  not  used  except  for  the  one  signa¬ 
ture  run. 
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STUDY  A 


SOUND  TRANSMISSION  AT  FREQUENCIES  BETWEEN 
2  AND  25  KILOCYCLES  PER  SECOND' 
hr 

H.  W.  Marsh  and  M.  Schullcln 


1 


INTRODUCTION 

An  analysis  of  AMOS  transmission  data  In  the 
2-  to  2!>*kc  frctfiency  region  has  been  completed. 
The  results  of  this  analysis  are  presented  in  this 


'  This  report,  which  was  is  seed  as  USL  Technical 
Meutoianduni  No.  1 110-110-54,  27  August  1934(UNCLAS- 
SIFIED),  is  a  revision  of  USL  Technical  Memorandum 
No.  11104-34,  14  January  1934  (UNCLASSIFIED). 


memorandum.  A  comprehensive  discussion  of  these 
results,  including  comparison  with  other  existing 
data,  and  recommendations  for  applications  will 
be  given  in  a  forthcoming  Laboratory  report. 

METHOD  OF  ANALYSIS 

A  definite  model  of  the  ocean  as  a  transmitting 
medium  has  been  used  In  carrying  out  this  analy¬ 
sis.  Reference  to  Fig.  1  will  show  that  there  are 


Ur.:';W.L- ' 

MULTIPLE  SURFACE  ;i 

scattering  a 


DIRECT  RADIATION 


SINGLE  SURFACE 
SCATTERING 


♦■leakage  by  diffraction 

OR  SCATTERING 


DEPRESSEO  SOUNO 
.  CHANNEL  Tjd 


BOTTOM  REFLECTION 


P 


Fig.  1  •  Modar  of  Sound  Tronimiiiien 
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several  modes  of  propagation  which  determine 
transmission  conditions  under  nny  given  set  of 
circumstances.  Sometimes  the  diffetent  modes  are 
of  comparable  importance  and  must  be  combined  in 
order  to  estimate  the  net  sound  field.  At  other 
times  the  sound  field  is  dominated  by  a  single 
mode  of  transmission. 

In  tlie  present  analysis  an  effort  has  been  made 
to  study  die  various  modes  separately.  This  can 
be  done  to  n  grer.t  degree  by  a  proper  selection  of 
data  according  to  the  diffetent  oceanographic  fac¬ 
tors  and  according  to  the  geometry  and  acoustic 
frequency  associated  with  the  data.  Those  factors 
which  have  been  determined  to  be  of  importance 
are; 

a.  Depth  of  isothermal  (surface)  layer 

b.  Sea  state  (wind  force) 

c.  Depth  of  axis  of  depressed  sound  channel 

d.  Depth  of  ocean  bottom 

e.  Water  temperature 

f.  Range 

g.  Depth  of  source 

h.  Depth  of  receiver 

i.  Acoustic  frequency 

By  scaling  nnd  by  certain  taws  of  combination,  it 
is  possible  to  reduce  substantially  the  number  of 
parameters  requited  to  characterize  any  particular 
mode.  Thus,  it  is  possible  to  prepare  a  limited  set 
of  charts  or  tables  which,  together  with  a  small 
amount  of  computation,  can  be  used  to  determine 
transmission  loss  under  any  prescribed  condition 
tying  within  the  framework  of  the  analysis. 

THE  BASIC  MODES  OF  TRANSMISSION 

Transmission  via  modes  associated  with  the 
surface  isothermal  layer  and  various  orders  of  sur¬ 
face  scattering  (including  negative  surface  gradi¬ 
ent)  may  be  scaled  to  layer  depth  and  described  in 
terms  of  a  few  simple  formulas,  which  are  listed 
after  the  definitions  below.  Source  and  receiver 
depths  may  be  used  interchangeably  in  applying 
these  formulas.  However,  the  conditions  applying 
to  the  formulas  are  stuted  only  for  Z0  <  Z  • 

The  following  definitions  and  symbols  will  be 
used: 


Basic  Variables 

Surface  lsotbcrin.il  Layer  Depth  (ft)  L 
Sea  State  S 


Depth  of  Ails  of  Depressed  Sound 
Channel  (ft) 

Depth  of  Ocean  Bottom  (fm) 

Water  Temperature  (deg.  F.) 

Range  (kyd) 

Depth  of  Source  (ft) 

Depth  of  Receiver  (ft) 

Acoustic  Frequency  (kc) 
Relaxation  Frequency  (kc) 
Transmission  Loss  (db) 

Spreading  Loss  (db)  | 

Absorption  Coefficient  (db/kyd) 
Scattering  Coefficient  (db/kyd) 
First  Depth-Loss  Factor 
Second  Depth-Loss  Factor 
Bottom  Loss  (db) 


if 

B 

T 

ft 

Z. 

z 

/ 

fr 

N* 

10  log  ft, 

20  log  K  (Fig.  2) 

•  (Fig.  3) 
e.  (Fig.  4)  » 
G  (Fig.  3) 

H  (Fig.  6) 
NB  (Fig.  7) 


Seated  Variables 

r  -r/s/T. 

*o  “  \/z0/ </ZT, 

X  myfz/yfL. 

rt  -i[2-*-*0]}  x<,  l,*0£li 


r»  [1-*.]  +  f  t/*z  -is  1.  *o  5  »; 


r  l  - 


*1  *o  <1  1- 


Mg.  2  -  Spreading  Los*  (db) 
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TtMPCMTUAC  OCG«C£S  |F| 


Fig.  3  •  Abtorptlon  Coefficient  (dbAyd) 


The  prop«g,.tlon-loss  formula*  for  the  various 
mode*  of  propagation  are  the  following: 

Direct  Radiation  Zona  (Zona  I),  0  <  r  <  ri 

When  hoth  ends  of  the  transmission  path  lie 
within  or  at  the  bottom  of  the  surface  layer,  the 
following  formi-ta  applies; 

«  20  log  R  +  aR  +  G  fz  -  z„)  —  +  60.  (1) 

fl 

At  all  other  times  use  the  smaller  of  the  two 
transmission  losses  computed  by  Formula  (t)  and 
the  following: 

Nw  <*  20  log  R  +  aR 

+l25-\/|Z  -L|  -  V|z„  -L|  +  5 R] 

+  60.  (2) 

The  quantity  within  the  parentheses,  multiplying 
the  frequency  term,  is  taken  as  zero  when  It  is  not 
positive. 

Zone  of  First-Order  Surface  Reflection 
and  Shadow  Zone  (Zone  II) 

Two  propagation  modes  occur  in  Zone  11: 

Energy  has  been  reflected  at  least  once  at  the 
surface.  The  area  covered  is  z0  <  l,rt  <  r  5  rt  +  !4< 
Then, 

N„  «  20  log  R  +  aR  +  2  (r  -  ri)tf(z,  x0) 

+  [1  -  2(r  -  r, il  Gf*  -  x„)  +  60 .  (3) 

The  shadow  zone  beyond  the  limiting  ray  is 
delineated  by 

*0  >  1 .  *  >  1 ,  ri  <  f  <  r,  +  . 

For  Zone  II  use  Formula(3)  or  Formula(2),  which¬ 
ever  yields  the  smaller  propagation  loss. 


Zone  of  Second-  or  Higher-Order 
Surface  Reflection  (Zone  III) 

Energy  Has  been  reflected  at  least  twice  at  the 
surface.  It  covers  the  area  *«,  <  1,  fi  +  Vi  <  r.  Then, 


N„  -  10  log  R  +  (a  +  d,>K  +  H(s,  *„> 

-  a,  \fT*  frj  +  14) 

+  10  log  l  \J~L  (r|  +  VS  >1  +  60 .  (4) 

The  shadow  zone  beyond  the  llmitiag  my  Is 
delineated  by 

*o  >  1,  *  >  1,  ri  +M  <r. 

For  Zone  I II  use  Formula(4>  or  Fotmula( 2),  which¬ 
ever  yields  the  smaller  propagation  loss. 


Transmission  Via  Depressed 
Sound  Channel 

For  this  mode,  the  depths  of  the  source  and 
the  receivet  are  referred  to  the  axis  of  thtf  chan¬ 
nel  as  the  origin,  and  the  channel  half-width, 
equivalent  to  the  layer  depth  of  a  surface  isother¬ 
mal  layer,  is  taken  to  be  one-half  the  depth  of  the 
axis.  Thus, 

Nw  «  20  log  R  +  aR 

+  H  60 .  (5) 

Transmission  Via  Bottom  Reflection 

Transmission  takes  place  by  one  bottom  re¬ 
flection: 

Nw  ■  20  log  R  +  tfR+No+60,  (6) 

where  R  is  the  slant  range  from  the  source  to  the 
bottom  to  the  receiver  for  specular  reflection  and 
Ng  is  the  bottom  loss  for  the  grazing  angle  at  the 
point  of  reflection  and  is  given  in  Fig*  7. 


ANALYSIS  OF  DISPERSIONS 

The  probable  errors  of  the  propagation  loss 
estimated  by  this  method  are  given  below: 


I 
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Probable  trior.  ol  Pro[i»Ri>tlon-Lo.»  prtillctlon.  (AMOS)  (idb) 


Ftequcftcy  (kc)  2.2 

ft 

16 

25 

Mode  of  TrnomnUflon 

(Formula*  2  and  5) 

6.5 

5 

6.5 

9 

Mode  of  Trunswtflsion 

(Formula*  le  3,  and  4) 

4 

J 

4.5 

5 

Reciprocal  Difference 

J.5 

2.5 

L5 

J.O 

These  errots  result  partly  from  the  inadequacies 
of  the  method,  from  basic  fluctuations  which  can 
not  be  predicted,  and  from  errors  of  measurement. 
In  order  to  estimate  the  fluctuations,  a  study  has 
been  made  of  the  sound  fields  measured  under 
identical  conditions  but  with  the  source  and  the 
receiver  interchanged.  The  difference  between  the 
two  measurements  is  referred  to  as  a  reciprocal 
difference.  Except  far  that  mode  of  transmission 
associated  with  Formulas  (2)  and  (5),  the  error  of 
estimation  is  approximately  1*1/2  db  greater  than 
the  mean  reciprocal  difference.  The  probable  er> 


tors  associated  with  the  bottom  reflection  data 
(Fig.  7)  ate  given  in  Fig.  8. 


FREQUENCY  IN  KC 


Fig.  8  -  P  rob  obi  •  Error  in  Bottom  Lost  va.  Frequency 


ASSOCIATED  COMPUTATIONAL  FACTORS  FOR  PROPAGATION  LOSS 

In  order  to  compute  the  individual  terms  of  the  Scattering  Attenuation  Coefficient 
propagation  modes,  the  following  formulas  are  re-  (db/kyd)  (saw  Fig.  4) 
quired:  /AW 

„  “.-4.5(f)  »*<* 

Absorption  Coefficient  (db/kyd)  \L/ 

(tea  Fig.  3) 


Af2(r  B( 2 
«**_ — --+  — . 

/  +/r  /r 


A  ”0.651,  B  •>  0.0269, 


/r»  1.23  X  10‘ -t2»o°/(r  +  459.0)] 

■  1.23  X  10*  X  «~48}0',(f  + 459.6) t 


and  then 

A/B  »  24. 2;  /jo  "93* 

For  low  frequencies, 

_  0.678  /* 

a  a, —  — 

It 


First  Depth-Loss  Factor  (db) 

(see  Fig.  5) 

G(z-zo>=0.1  x  10  ’  *«)(//25)  V1.(*  -  z0)s  1 

-20(//25)VS,(*-xo)^l. 

Second  Depth-Loss  Factor  (db) 

(computed  from  Fig.  6) 

U(x,  x„)  -  P(z  -  x„)  +  P(x)  -t  P(x9f, 


P(z)  -  0,4  x  10*1  g- 1  .  /  >  8  j 


a„  ~  0.0073  f2  lot  T  -  50°  F. 


■  0.4  x  10*,  /<  8. 
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STUDY  B 


CONTOURS  OF  TRANSMISSION  LOSS  FOR 
STANDARD  CONDITIONS  AND  CORRECTION  CHARTS* 

ky 

M.  R,  Powers,  K.  R.  Dickson,  and  L.  P.  Onyx 


INTRODUCTION 

Contours  of  standard  transmission  loss, 
have  been  plotted  for  ten  frequencies  and  three 
projector  depths,  for  a  standard  temperature  (50°  F.) 
and  a  standard  layer  depth  (100  feet).  Correction 
charts  have  been  plotted  for  each  frequency  for  the 
correction  required  because  of  changes  in  layer 
depth,  temperature,  and  sea  state.  Values  of  the 
absorption  coefficient,  a,  for  various  temperatures 
are  also  included.  The  corrections  are  to  be  added 
to  the  standard  transmission  loss.  The  loss  con* 
tours  and  correction  charts  for  each  frequency  have 
been  grouped  together  for  ready  reference. 

METHOD  OF  COMPUTATION 

The  values  of  the  transmission. loss  first  were 
computed  from  Formulas  (1),  (3),  and  (4)  of  Study 
A.  In  all  the  computations  a  layer  depth  of  100 
feet,  a  temperature  of  50°  F.,  and  a  sea  state  of 
less  ‘than  3  were  assumed.  Computations  were 
made  for  projector  depths  of  20  ,  50,  and  100  feet, 
for  frequencies  of  2,  10,  and  25  kc.J  For  each 
projector  depth  and  frequency,  the  standard  trans¬ 
mission  loss  was  computed  at  seven  recei  ver  depths 
and  eight  ranges.  These  values  were  used  to  plot 
contours  of  constant  loss.  Examples  of  such  con¬ 
tours  arc  given  in  Figs.  1A  through  1C,  3 A  through 
3C,  and  5  A  through  5C. 

A  plot  of  transmission  loss  for  Formula  (2)  of 
Study  A  wus  also  made  for  each  frequency.  The 


1  This  report,  together  with  a  complete  set  of  work¬ 
ing  charts,  appeared  originally  as  USL  Technical  Mem¬ 
orandum  No.  1110*101*54,  17  August  1954  (UNCLAS¬ 
SIFIED). 

2 The  original  computations  wete  made  at  additional 
frequencies  of  1,  5,  8,  12,  14.  20,  and  31  kc.  However, 
the  computations  for  the  1-kc  ftequency  are  extrapolated 
from  data  at  Irighei  frequencies  and  thus  ate  to  be  con- 
Btdered  as  estimates  only. 


loss  was  computed  as  a  function  of  £,  where 

1  =  viz  -l\  +  \Z|z0  ~L\ . 

The  curves  were  plotted  for  constant  range,  R,  be* 
tween  0.5  and  25  kyd,  for  values  of  X  from  0  to 
140.  These  curves  should  be  used  when  they  give 
a  smaller  loss  value  than  the  value  computed  from 
Formulas  (1),  (3),  and  (4)  of  Study  A  but  can  not 
be  used  when  both  the  projector  and  the  receiver 
ate  above  the  layer.  Examples  of  these  computa¬ 
tions  are  given  in  Figs.  ID,  3D,  and  5D. 

The  layer-depth  correction  was  computed  from 
the  formula; 

where 

L  =  layer  depth  (ft), 

L„  m  standard  layer  depth  -  100  ft, 
a0  =  absorption  coefficient  (db/kyd)  at 
T  =  50°  F.,  and 
R  =  range  (kyd). 

This  formula  was  evaluated,  for  twelve  values  of 
L  between  9  and  1024  feet.  Curves  were  plotted 
for  Al  versus  R,  for  constant  L.  The  contours 
of  constant  At,  (see  Jigs.  2,  4,  and  6)  were 
plotted  by  interpolating  in  these  curves.  This  cor¬ 
rection  applies  to  Formulas  (1),  (3),  and  (4)  of 
Study  A. 

lri  order  to  find  the  transmission  loss  for  a 
given  R,  Z.  and  Z0,  for  a  layer  deprh  different 
ftom  100  ft,  it  is  necessary  to  find  the  values  of 
the  scaled  variables  r,  x,  and  z0  by  using  the  ac¬ 
tual  layer  depth.  The  standard  toss  contours  are 
entered  with  r,  x,  and  x0,  and  the  value  of  Nu,0  is 
read.  The  correction  term  is  found  from  the  layer 
correction  contours,  where  these  curves  arc  entered 
with  R  and  L. 

Z  1 
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Flq.  7B  -  10  kc 


RANGE  IN  KYO 

Fl<>.  7C  •  25  ke 

pig.  7  .  Temperoturo  Correction  Contour! 
(2  kc,  10  ke,  and  25  kc) 


Fig.  8  •  Seo- State  Correction  (lor  Sea  State  3  or  Greater) 


Flo.  9  •  Scaled  Ranoe  In  Propopatlon  Zeno  1 1 1  »»•  Depth 
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FREQUENCY  W  KC 


Fly,  |0  .  Absorption  Coriflici«nt  (In  db/kyd)  v*. 
Frequency  (In  ke)  (or  T  “  50°  F, 


The  temperature  correction  contour*  were  plotted 
In  a  manner  similar  to  that  used  (or  the  layer  cor¬ 
rection; 

Ar-n„R(^  -1), 

where 

a  is  evaluated  at  temperature  ■  T°  F., 

«e  la  evaluated  at  standard  temperature 
«  50°  F.,  and 

R  Is  range  (kyd). 

The  formula  was  evaluated  (or  six  values  of  T 
between  30°  and  90°,  and  the  curves  were  plotted 
(or  Ar  versus  R  at  a  constant  T.  The  contour*  of 
constant  Ar  (see  Figs.  7A,  7B,  and  70  were 
plotted  by  interpolating  in  these  curves.  This  cor¬ 
rection  applies  to  all  propagation  cones. 

|t  should  not  be  assumed  that  interpolation  in 
these  correction  charts  will  be  accurate  for  an  in¬ 
terval  smaller  than  one-half  the  Interval  between 
contours.  If  greater  accuracy  Is  desired,  the  cor¬ 
rection  values  should  be  found  from  the  formulas 
or  from  graphs  (orconstant  L  or  T.  This  la  particu¬ 
larly  true  for  ranges  of  less  than  one  kiloyard. 

The  sea-state  correction 

A.  -4.S/VJtr-(r,  +  '/01 

has  been  plotted  for  each  frequency  (Fig.  8).  This 
is  applicable  only  for  the  ranges  f^ri+X,  for 
whichFormu'a,(4)of  Study  A  applies.  These  ranges 
may  be  determined  by  using  Fig.  9  for  the  three 
values  of  projector  depth  (c0  -  0,43,  0.71,  1.00, 
or  Z„  -  20,  30,  100  feet). 

Figure  10  gives  the  values  of  a,  for  frequen¬ 
cies  from  1  to  10,000  kc,  at  T  30°  F.  The  values 
of  c  «  t/r,  are  plotted  for  temperatures  from  23* 
to  80*  F.  and  for  frequencies  from  1  to  10,000  kc 
(Fig.  11). 
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Fig.  If  •  Temperature  Dependence  o(  Abeorption 
Coefficient  Ratio  (c  =  e/«o) 

(op  m  Abeorption  Coefficient  at  50*  F.) 


STUDY  C 


ERROR  STUDY  OF  AMOS  PROPAGATION-LOSS  ANALYSIS 

fcy 

W.  H.  Thoip 


An  Investigation  was  made  of  the  magnitude  of 
errors  to  he  expected  from  the  use  of  the  analyti¬ 
cal  formulas  given  in  Study  A  of  this  report  for  the 
estimation  of  propagation  loss..  This  was  done  by 
working  with  a  representative  sample  of  the  entire 
data  file.  This  sample  was  obtained  by  selecting 
at  random  a  single  IBM  card  to  represent  each 
of  the  North  Atlantic  deep-water  stations  which 
were  occupied  between  1949  and  195).  Each  card 
so  selected  contained  the  measured  values  of  prop¬ 
agation  loss  for  one  or  more  of  the  four  discrete 
acoustic  frequencies  (2.2,  and  25  kc)  for  a 

given  range  and  projector-receiver  depth  pair. 
These  data  are  listed  in  Table  1. 

The  mode  of  propagation  which  applied  to  each 
particular  station  card  waa  determined  from  a'con- 
sideration  of  the  pertinent  parameters  as  Indicated 
in  Study  A.  The  corresponding  values  of  propaga¬ 
tion  loss  were  then  computed  from  the  formulas  of 
Study  A*  It  should  be  noted  that  more  than  one  prop¬ 
agation  mode  may  apply  under  the  transmission 
conditions;  therefore,  calculations  using  each  ap¬ 
plicable  formula  must  be  made  and  the  result  which 
indicates  the  least  loss  must  be  chosen.  This,  in 
effect,  increases  the  numerical  effort  required  by 
about  50%. 

In  Table  2  are  presented  the  probable  errors  of 
the  prediction  method  obtained  by  subtracting  the 


computed  values  of  propagation  loss  from  the  mean- 
ured  values  for  the  indicated  propagation  modes  for 
the  149  stations  of  Table  J.  For  the  remaining  nine 
stations,  the  prevailing  propagation  mode  appeared 
to  be  by  way  of  the  ocean  bottom. 

The  magnitude  of  the  probable  errors  reflects 
some  of  the  time  variability  of  the  ocean  itself  aa 
a  propagation  medium.  This  effect  was  estimated 
in  this  study  by  considering  the  reciprocal  nature 
of  propagation  over  the  same  path  with  transmitting 
and  receiving  positions  interchsnged  within  a  peri¬ 
od  of  from  15  to  20  minutes  for  most  of  the  stations 
in  Table  1.  The  reciprocal  differences  referred  to 
in  Table  2  are  the  differences  in  measured  prop¬ 
agation  loss  over  the  ssme  path,  but  with  receiver 
and  projector  positions  Interchanged.  It  may  b« 
seen  that  a  sizable  part  of  the  probable  etror  of  e •» 
timatioo  arises  from  the  time  variability  introduced 
by  the  ocean.  These  errors  appear  to  be  independ¬ 
ent  of  range  over  the  ranges  of  the  AMOS  espett- 
ments  (1  to  25  kyd). 

It  may  be  seen  that  the  probable  errors  for  the 
downward  refraction  mode  of  propagation  appear  to 
be  larger  than  those  associated  with  surface  chan¬ 
nel  propagation.  The  errors  associated  with  prop¬ 
agation  by  way  of  the  bottom  are  treated  separately 
in  Study  D. 
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STUDY  D 

TRANSMISSION  BY  WAY  OF  THE  BOTTOM 
l»r 

M.  Schulkln  and  W.  H.  Tharp 


INTRODUCTION 


The  deep-water  bottom-reflection  data  avail¬ 
able  as  of  January  1954  have  been  assembled  in  a 
form  which  is  suitable  for  use  in  sonar  range  pre¬ 
dictions.  No  attempt  is  made  to  explain  the  data; 
rather,  the  data  are  described  in  terms  of  a  model. 
The  model  used  is  that  of  propagation  by  way  of 
the  specular  path,  including  an  empirical  loss  at 
the  bottom.  At  grazing  angles  approaching  0°,  the 
behavior  of  the  Rayleigh  reflection  coefficient  Is 
assumed.  At  perpendicular  Incidence,  scattering 
coefficients  deduced  from  AMOS  vertical  sounding 
measurements  at  2,  8,  and  34  Ire  were  used. 

The  most  extensive  sources  of  bottom-reflec¬ 
tion  data  in  deep  water  for  the  2-  to  25-kc  fre¬ 
quency  range  are  AMOS  Cruises  NINE,  ELEVEN, 
and  TWELVE.  Cruises  NINE  and  ELEVEN  were 
notable  for  their  shallow  surface  sound  channels 
and  low,  direct  acoustic  fields  at  short  ranges.  As 
continuous-wave  sources  were  used  on  these  two 
cruises,  the  sound  energy  could  arrive  by  various 
paths,  and  some  discretion  had  to  be  used  in  se¬ 
lecting  data  which  arrived  by  way  of  the  bottom. 
For  this  purpose,  the  depth  of  the  isothermal  layer, 
the  decrease  of  the  propagation-loss  anomaly  with 
range,  the  constancy  of  the  field  with  depth,  the 
magnitude  of  the  propagation  loss,  and  the  acoustic 
frequency  were  all  considered.  On  Cruise  TWELVE 
pulses  were  used  with  the  result  that  it  was  fairly 
easy  to  distinguish  energy  coming  via  the  bottom. 
Propagation  conditions  were  generally  good  during 
this  cruise,  however,  and  because  only  those  sig¬ 
nals  which  were  less  than  40  db  below  the  direct 
signal  could  be  detected,  data  were  limited  to  a 
few  stations. 

All  the  AMOS  data  were  assembled  into  median 
values,  and  the  bottom  loss  was  plotted  against 
the  bottom  grazing  angle  in  5-degree  intervals  and 
out  ta  55  degrees  as  shown  in  Fig.  1.  The  geomet¬ 


rical  path  wes  used  together  with  the  temperature- 
dependent  absorption  coefficients  presented  In 
Study  A  in  reducing  the  prcpsgafion-loss  values  to 
’'‘bottom  loss." 

In  order  to  carry  the  bottom-reflection  analysis 
down  in  frequency,  underwater  siren  runs  from 


Flj.  1  •  Bottom-Loss  Data  from  AMOS  Crulsss  NINE, 
ELEVEN,  ond  TWELVE 


AMOS  Cruises  ELEVEN  and  TWELVE  were  used. 
Data  were  considered  in  frequency  bands  centered 
about  1  kc,  2  kc,  and  8  kc.  Here  again  judgment 
had  to  be  exercised  in  distinguishing  bottom  re¬ 
flections,  since  the  source  emitted  continuously. 
Bottom-reflection  data,  obtained  by  theNaval  Elec¬ 
tronics  Laboratory  during  1950  and  1951,  were 
also  available  for  discrete  source  runs  at  500  cps 
and  1000  cps. 1  The  medians  for  the  siren  and  NEL 
runs  are  shown  in  Fig.  2.  The  number  of  runs  going 
into  these  medians  are  as  follows: 


1  These  runs  are  described  by  T.  P.  Condron  and 
R.  W.  Scbillereff  in  "Long  Range  So  and  Transmission 
with  a  Shallow  Towed  Source  at  300-  and  1  MO- cps 
Frequency,*'  NEL  Report  323,  If  October  1932  (UN¬ 
CLASSIFIED). 
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FI**  2  •  Bottom-Con*  Oolo  Irom  NEL  Olserat#  Soute# 
and  USL  Slron 


■.  AMOS  Underwater  Siren— 5  runs  at  1  Ire,  4 
runs  at  2  kc,  3  runs  at  8  kc. 

h.  NEL  Discrete  Source—4  runs  at  1  kc  and  6 
nns  ai  500  cps. 

Finally,  bottosweflectioa  data2  obtained  by 
the  Woods  Hole  Oceanographic  Institution  at  fre- 
•pieacles  below  I  kc  through  bomb  drops  were  de¬ 
rived  for  multiple- hop  levels  for  energy  lying  be¬ 
tween  the  limiting  ray  and  the  critical  angle.  In 
working  out  the  data,  all  possible  differences  in 
level  were  used  from  the  WHOI  plots  of  level  ver¬ 
sus  R/N,  where  R  is  the  range  and  N  is  the  order 
of  reflection.  Values  of  N  from  1  to  9  were  used. 
The  median  values  of  the  resulting  data  are  plotted 

la  Fig.  3. 

These  three  sets  of  data  were  studied  for  fre¬ 
quency  dependence  by  plotting  median  bottom-re¬ 
flection  loss  against  frequency  for  the  overlapping 
gracing  angle  intervals,  10°  to  30*,  20°  to  40*, 
and  30*  to  50®.  The  results  ore  shown  in  Figs.  4A, 
4B,  and  4C.  In  drawing  smooth  curves  through  the 
points,  the  AMOS  data  were  given  the  greatest 
weight  whenever  a  question  arose.  The  sowce  of 
the  data  is  Indicated  by  a  letter  W  for  WHOI,  N  for 
NEL,  S  for  Siren  (AMOS),  and  A  for  AMOS 

Plots  of  bottom  loss  versus  grazing  angle  then 
were  made,  starting  at  125  cps  and  progressing  in 
octave  steps.  These  are  presented  in  Fig.  5*  A 


*See  C.  B.  Officer  sad  J.  B.  Heresy,  "Sound  Tcaaw- 
ad  salon  frost  Deep  to  Shallow  Water,"  WHOI  Kef.  53-32, 

August  1953  (CONFIDENTIAL). 


Fig.  3  •  Bottom-Lo**  Dolo  from  WHOI  Bomb  Drop* 


plot  was  also  made  at  25  kc  for  convenience.  The 
points  at  90*  (vertical  incidence)  were-  obtained 
from  a  previous  analysis*  of  the  AMOS  vertical 
reverberation  and  bottom-reflection  espet Intents. 
The  pulae-length  dependence  shown  in  the  study, 
indicates  a  tendency  toward  a  leveling  off  at  lower 
bottom-loss  values  with  greater  pulse  lengths.  The 
pulse  data  of  AMOS  Cruise  TWELVE  also  shows  a 
tendency  toward  lower  levels  for  shorter  pulses 
(f.e.,  1/2  sec  as  compared  with  1  sec). 

Probable  errors  of  the  points  about  the  curves 
in  Figs.  4A,  4B,  snd  4C  were  computed  and  com- 
blned  with  the  probable  errors  of  the  plots  in  Figs. 
1,  2,  and  3  in  order  to  obtain  the  over-all  probable- 
error  curve  versus  frequency  shown  in  Fig.  6.  Fi¬ 
nally,  a  plot  of  transmission  loss  versus  horizontal 
range  is  presented  in  Fig.  7  for  an  average  water 
depth  of  2000  -fathoms  and  average  water  tempera* 
turn  of  38°  F.  for  the  four  frequencies  indicated. 

THEORETICAL  COMPUTATIONS 

Theoretical  computations  on  the  basis  of  two 
sisiple  models  were  made  in  order  to  observe  some 
dependencies  of  reflection  coefficient  on  bottom 
property  and  bottom  structure.  In  one  case  con¬ 
sider  plane  acoustic  waves  in  one  infinite,  homo* 


*  See  D.  L.  Cole,  J.  F.  Kelly,  sad  A.  W.  Dsatuoao, 
"Vertical  Reverberation  sad  Bottom  Stfeaftb  Measure- 
meals  -  Erest  SIX  •  P»ie«l  AMOS,"  USL  Technical 
Memorandum  No.  1110-014-53,  15  May  1953  (CONFI¬ 
DENTIAL). 
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CRAZING  ANGUIIMN  DEGREES 


Fig,  8  *  Rayleigh  Theoretical  Bottom  Lots 
v*,  Gracing  Angle  [p,  c  constont) 

geneous,  fluid  medium  (sea  water)  impinging  on 
the  surface  of  separation  for  a  second  infinite,  ho¬ 
mogeneous,  fluid  medium  (the  bottom).  In  the  second 
case  consider  that  the  bottom  is  composed  of  an 
absorbing  fluid  overlying  a  hard,  perfectly  reflect¬ 
ing  surface. 

In  the  first  case  the  Rayleigh  formula  for  the 
energy  reflection  coefficient  is: 


FREQUENCY  IN  KC 

ig.  &  .  Probable  Error  in  Bottom  l_o»s  vs.  Frequency 


i  grazing  angle  with  bottom  and 

■  P2C2/V1C1  • 


0  Z  4  6  0  10  12  14  16  18  20 

RANGE  t;J  KYD 


fig,  7  •  Transmission  Loss  vs,  Rang®  for 
Hottom-Raflectod  Transmission 


Here,  cj  is  complex  and  cj  is  the  speed  of  sound 
in  sea  water;  then 

Cj  =  | c 2 !  (cos  <f>  -  f  sin  <j>)  =  |c2|  . 

In  Fig.  8,  the  reflection  coefficient  is  plotted 
against  the  grazing  angle  for  a  number  of  phase 
angles,  <f>,  for  the  sound  speed  in  the  bottom.  For 
the  purposes  of  calculation,  typical  density  ratios 
of  pj/pi  =  1.3  and  for  |£  |  =  1.555  were  used.  The 
main  features  of  these  curves  arc  thac(l)  when  the 
phase  angle  <j. I  is  close  to  zero,  there  is  a  critical 
angle  of  about  3d"  for  which  diere  is  total  re¬ 
flection  for  all  grazing  angles  up  to  this  value;  (2) 
for  grazing  angles  of  5°  and  10°  the  reflection  co¬ 
efficient  decreases  continuously  in  the  '‘region  of 


BOTTOM  LOSS  IN  OB 


Fig.  9  -  Rayleigh  Tlieoretleol  Bottom  Lott  v>.  Grazing  Anglo  (Phase  Angle  constant) 


total  reflection,”  i.e,,  there  is  no  region  of  total 
reflection;  and  (3)  as  the  phase  tingle  increases 
from  30°  to  90®  the  reflection  coefficient  improves 
steadily  and  the  grazing  angle  dependence  for  each 
phase  angle  is  continuous. 

In  Fig.  9,  the  phase  angle  is  kept  fixed  at  lO", 
and  the  variation  of  reflection  coefficient  with 
sound  speed  ratio  is  computed  for  different  density 
ratios.  It  may  be  seen  that  the  better  matched  the 
two  media  are,  the  poorer  is  the  reflection  coeffi¬ 
cient.  The  purpose  of  computing  these  curves  is 
to  find  the  actual  magnitudes  involved.  It  may  be 
seen  that  the  previous  model  does  not  show  the 
main  features  of  the  observed  reflection  coeffi¬ 
cient.  data  except  at  very  low  frequencies. 

At  the  higher  frequencies,  there  is  an  increase 
in  reflection  coefficient  at  greater  grazing  angles 
that  needs  explaining.  The  shape  of  the.  reflection 
coefficient  curves  ut  higher  frequencies  may  be 
accounted  for  in  various  ways.  For  example,  it 
may  nr  iso  from  a  predominant  specular  reflection 
at  small  grazing  Rngles  and  a  predominant  scat¬ 
tering  effect  at  high  grazing  angles.  Another  pos¬ 
sibility  is  that  in  the  deep  ocean  a  sound  absorb¬ 
ing  sediment  layer  overlies  a  holder,  perfectly  re¬ 


flecting  sediment  which  will  accentuate  the  behavior 
above  a  certain  frequency.  There  is  some  reason 
to  believe  that  this  last  model  has  some  physical 
justification  from  studies  of  deep  sea  sediments.4 

If  a  plane  wave  is  incident  on  a  bottom  com¬ 
posed  of  a  sound  absorbing  layer  of  thickness,  D, 
overlying  a  hard,  infinite  medium,  then  it  can  be 
shown  that  the  amplitude  reflection  coefficient  is 
given  by; 

Ra  - 

C  »in  Ci  +(\/l  —  (cj/cj)^  cos*  C])itan  (ml)  sinOj/cj) 
C  sic  Ci  -  (v/1  -(c2/ci)J  cosi  Cj)i  tan  («» sin Cj/c2) 

where 

sin  #2  =  y/T—  (cj/cjfi  cosJ  Cj, 


4  See  Table  121,  p.  1019.  of  The  Oceans  by  H.  U. 
Sverdrup,  M.  V.  Johnson,  and  R.  II.  Fleming,  Prentice- 
Hall,  Inc.,  1942. 


(2) 
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BOTTOM  ONAZINO  ANGLE  IN  0E0NEC8 

Pig.  10  •  Mognltude  of  Energy  Reflection  Coefficient  v*.  Bottom  Grotlng  Angle 
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Fig.  ItA*  Second  Fluid  Thickness  "  h  fool 


OAAZINO  *NCU  IN  OtGBttS 

Fig-  HC  •  Second  Fluid  Thickness  -  2  fool 
Fig.  II  •  Computed  Bottom  Lot*  v*.  Bottom  Grailng  Angle 


Fig.  I  IB  •  Second  Fluid  Thickness  —  1  foot 


For  the  putposes  of  computation, 

4>  -2°. 

C|  »>  5000  ft/ sec, 

Cj  -  Cj  ~iCt  -y/cFTcf  e*'^,  and 
|  Ci  |  ■=*  C\t cos  <f>. 

In  Fig.  10,  the  square  of  the  absolute  value  o I 
the  reflection  coefficient  is  plotted  against  grazing 
angle  for  various  products  of  /  and  D.  These  arc 
teplotted  in  Figs.  11A,  11B,  und  HC.  in  terms  of 
reflection  loss  in  db.  It  may  be  seen  that  the  shape 
of  the  curves  and  order  of  magnitude  of  reflection 
toss  at  the  higher  frequencies  are'  suggestive  of 
the  average  measured  behavior.  At  the  lower  fre¬ 
quencies  the  simple,  two-fluid  model  computations 
in  Fig.  8  look  like  the  measured  curves  in  Fig.  5- 
The  computations  are  merely  meant  to  be  sugges¬ 
tive  of  possibilities  rather  than  to  be  applicable 
to  the  data. 
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STUDY  H 

THE  USc  OF  RAY  METHODS  AND  FIRST-ORDER  DIFFRACTION  CORRECTIONS' 

*>/ 

H.  W.  Marsh,  Jr. 


INTRODUCTION 

In  many  wove  problems,  ray  methods  art  con¬ 
venient  and  accurate.  Exact  in  the  limit  of  high 
frequency,  and  employing  simple  fotmulas,  these 
methods  lose  utility  at  low  frequencies  or  because 
of  inadequate  numerical  schemes  for  interpreting 
them.  We  shall  give  correction  terms  which  permit 
an  extension  of  ray  methods  to  lower  frequencies 
(and  at  the  same  time  provide  an  estimation  of  the 
validity  of  the  high-frequency  limit),  und  «lso  set 
forth  some  useful  formulas  and  numerical  schemes 
for  ray  tracing  and  the  quantitative  evaluation  of 
refraction  (spreading)  and  interference.3 

FORMULATION  OF 
THE  RAY  AND  WAVE  THEORIES 


We  shall  characterize  a  field  point  P  by  Its 
Cartesian  coordinate  (x,  y,  x),  or  its  cylindrical 
coordinates  (r,  8,  z),  or  its  polar  coordinates 
(R.  8,  flU  Out  interest  will  be  devoted  to  cases  of 
symmetry  about  the  z  axis.  In  such  cases,  the 
wave  potential  (of  simply  harmonic  waves)  can  be 
expressed1  in  tcims  of  cylindrical  waves: 

O 

e  Ffrule  '^  du  .  (3) 

From  the  ray  point  of  view,  energy  travels 
through  the  medium  along  paths  described  by  the 
equation 


Throughout  we  consider  an  inhomogeneous 
medium  in  which  ihe  phase  velocity  varies  in  one 
direction  only.  With  respect  to  a  given  Cartesian 
frame,  let  c0  be  the  phase  velocity  at  the  origin 
and  c  (hat  at  other  points.  Take  c  to  be  independ¬ 
ent  of  x,  y  so  that  c  =  cfx).  Define  the  index  of 
teftaction  to  be 

n  1  c/c„.  (1) 

For  waves  of  angular  frequency  <o,  the  wave 
number  at  the  origin  is  ka  (=  <u/cs),  and  the  wave 
number  at  any  point  is 

k  -  w/c  =  (2) 


‘This  study  appeared  originally  ns  USL  Tctlioical 
Memorandum  No.  1100-6 1-54,  27  September  5954  (UN¬ 
CLASSIFIED). 

J  Parr  of  this  material  was  considered  by  Nomina 
A.  Husk  1 1 1  in  “Diffraction  F.ffccti  la  the  Propagation 
of  Con-preasinanl  Waves  in  the  Atmoxphcic,"  iieopliya- 
ical  Research  Paper  No.  ). 


dr/dz  m  n  cos  0J  \f  1  -  nJ  cos2  0o  .  (4) 

Here  6a  is  the  inclination  of  the  ray  at  die  origin. 
Then,  if  6  is  the  inclination  at  nny  point  on  this 
ray,  Snell’s  law  is 

cos  0  e  n  cos  Go-  (5) 

Combining  Equations  (4)  and  (3),  we  may  write 

r  -■  cot  0  d £ ,  (6) 

© 

The  travel  time  along  this  ray  is 

4=  f  {  sin  0  d(,  (7) 

which  may  also  be  written 

3/'fru)  la  lelmed  to  the  zeroth  Oldct  Ilrssel  func» 
tion  by  F(iu)  -  /i)(ru)f>3*°wr  while  l«  c  oae-diineo- 

rional  .wave  fuuetiim,  satisfying 
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c0f  ~  r  cos  0o  I  /  (sinfl/nWf.  (8) 

Wc  m»y  internet  the  progressive  divergence 
of  n  rny  bundle  as  a  corresponding  spreading  of 
wave  energy.  Thus,  for  n  simple  source  behaving 
like  «‘,k°R/K  near  the  origin,  we  have  from  this 
point  of  view 

<**  *  -  (m  tan  0)  dr/dOe  (9) 

as  the  ratio  of  wave  intensity  at  unit  distance 
from  the  origin  to  the  intensity  at  other  points  on 
the  rny. 


ASYMPTOTIC  DEVELOPMENT 
OF  THE  WAVE  FIELD 


Equation  (9)  will  break  down  when  f  */r*  is 
small.  In  order  to  investigate  thia  situation,  we 
may  appeal  to  an  asymptotic  development  of  Equa¬ 
tion  (3).  It  is  assumed  that  Ffra)  is  but  slowly 
varying.  Considering  an  extension  of  the  method 
of  stationary  phase,  write 


4dm)  -  *„[»r  -  v  fs.  =)! 

-  4>a  +  («  -  «„>  4>'a  +  ("  -  ".J* 


+  is  -  «„)*  ^”V(»  +  •  •  • 


(i0) 


a*  tfee  Taylor  series  for  ifi (m)  about  the  point 
Then 

4>a  *  *»"or  - 
i/>'  -  kar  -  k,va  , 

*9  «  ~  tp*'.  . 

y"~-k0v?\  (id 


The  stationary  point  «„  is  the  solution  of  the 
equation  4>c  «=  0  .  Therefore, 

r  =  „;.  (12) 


Equation  (12)  Is  simply  the  equstlon  of  that 
ray  for  which  a  -  cos  6„.  Now  in  Equations  (11), 
t  and  c  are  fixed.  If  we  write  r'  for  dr/d  cot  $„ 
where  r  satisfies  (12)  and  s  is  held  constant,  we 
then  have 


0„  -*><> 

K  -0, 

K  - 

(13) 

*  • 

Here  i/>t/oi  turns  out  to  be  the  travel  time 
along  the  ray  in  question,  and  the  "rny  intensity," 
Eq.  (9),  is  simply  related  to  the  rate  of  change  of 
this  time. 

According  to  the  method  of  stationary  phase, 
we  can  now  write 

4 1  -  k0t*Qi‘  F(r  cos  0.) 

K j  ,*»o''*>l«V+f.*/j>r"J*i  (14) 

The  path  of  integration  in  Eq.  (14)  is  to  pass 
through  the  point  u  »  0  and  is  to  tetmiaatc  at  in¬ 
finity  in  such  a  manner  that  the  integral  converges 
absolutely  for  general  values  of  Aar'and  ktr”.  We 
shall  presume  that  both  these  quantities  have  a 
small  non-negative  argument,  with  results  for  other 
values  following  by  analytic  continuations. 

An  appropriate  path  of  integration  it  T ,  as 


Fig.  1  •  Path  of  Integration,  f 
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By  •  linear  transformation  of  the  variable  of 
integration  u,  and  an  appeal  to  Cauchy's  theorem, 
we  get 

*~(2/A0r")w  A,F(rcos  0O) 


x  t-tf<ar  +  ir/*-*0f'3/Jf",t 
x  f*m'  +  v3/iJv, 


w-TVi  (kvr’)i/(ktr")V3 ,  (16) 

and  r'ts  as  Indicated  in  Fig.  2.  The  concour  in 
Fig.  3  la  equivalent  to  the  contour  in  Fig.  2.  By 
considering  the  contour  in  Fig.  3  and  referring  to 
the  appropriate  tables,4  it  is  found  that 


*  ~  (2 /V'V*  fc.F  fr  cos  0,) 
v  .-Hat  yn/t-tu  '*/j v "*> 


x(rr/12^)  b3  ,4/r»v* | .  (17) 

For  large  A.,  this  is  asymptotically 
^  ~  t*yj  /(r')VM  P(r  cos  e,)<2irOy*  ( IB) 


which  is  equivalent  to  Eq.  (9),  i.e..  In  theoptlcal 
limit  (A,-*  This  method  of  stationary  phase  re¬ 
duces  to  the  geometrical,  or  ray,  approximation. 
Let  denote  this  limiting  form  of  Then  we 
may  write  in  general 


Flf  3  ”  Transformed  Path  of  Integration,  f 


Flj.  3  •  Equivalent  Contour  for  Path  of  Integration,  T 


*  Tables  of  the  Modified  Hankei  Functioou  of  Older 
One- Third,  Computation,  Laboratory,  lluutd  tloirei* 
airy. 


4>  “ 


eitkar'3/it 

2V,3^<Aar"lW 


x  bt  l(A0/2)V W'V*  I , 


or  wriuog 


a-  A.r'VV'1, 


</>-<(>  1(a), 


we  have 


f  (a)  -  e«la/i-Ur/llV2v'i),/* 


xn^a^hjia*3].  (22) 

For  a  ■*  m ,  implying  high  frequencies,  f(a)  -»  1. 
Conversely,  for  a  -»  0,  implying  low  frequencies, 
or  near  caustic  lines, 

JU)  -  2irw  e*,/,J  ov‘/3y>  P( 2/3)  ,  (23) 

and  taking  into  account  Eq.  (9;,  d>  in  this  limit  is 


Fifl.  4  Fiftr-Qrdar  Dlffroctlon  Correction 


2i/«  nvl  c!,l/t  J/5vl  I’(2/3) 

X  0o/m  tan  0)1 1  .  (24) 

A  graph  of  ((a)  in  given  in  Fig.  4.  It  is  to  he 
noted  that  /  is  indifferent  to  the  sign  of  r"  and 
that  the  conjugate  value  of  /  is  to  be  employed 
when  r'is  negative. 

A  SIMPLE  METHOD 
OF  PREDICTING  INTERFERENCE 

The  exact  travel  time  along  a  single  ray  is 
seldom  important.  On  the  other  hand,  the  differ¬ 
ence  of  travel  times  along  intersecting,  and  hence 
interfering,  rays  is  often  of  interest.  A  significant 
feature  of  this  interference  is  its  change  with  dis¬ 
tance.  l  or  example.  Tie  spacing  between  interfer¬ 
ence  nulls  is  n  most  enlightening  feature  of  the 
pattern. 

Referring  to  !'.<»,  (8),  we  have  for  constant  *, 

dl/dr  m  (dl/d  CO '.Oalb  eti*  0.,/dr 


■  l/c0  [(dr/d  cos  6a)  cos  0o  +  r 
+  fu  cos  0  (dO/d  cos  0o)  dx] 

•'n 

x  d  cos  0o/dr 

-  COS  0o/co ,  .  (25) 

where  we  have  also  used  Eqs.  (5)  and(6).  We  then 
have 

d*t/dr7  =  -  (sin  0o/co)  d0o/dr 

=  m  sin  0a  tan  6l/c0  ,  (26) 

Now,  except  near  focusing  regions,  f  ~  r*J,  so  that 
d*l/dri  will  normally  be  negligibly  small.  Thus, 
if  Al  is  the  difference  of  travel  times  between  rays 
with  source  inclinations  0O,  0o,  the  change  in  A/ 
over  a  change  At  in  distance  will  be  nearly 


(  A t! c„)  [cos  0„  -  cos  O'  ]  .  (27) 
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Therefore,  the  spacing  between  points  of  similar 
interference  characteristics  is  nearly 

(2trcs)/a>  tco»  0„  -  cos  0‘e\  .  (28) 

This  approximation  is  valid  when  f  ~  t  1  and  when 
r  »  Ar.  Its  great  utility  conies  from  the  fact  that 
only  the  ray  inclinations  at  the  source  need  be 
known. 

In  cases  where  8,  and  0O  are  nearly  the  same, 
At  itself  con  be  found  simply.  Consider  the  situa* 


Ftj.  5  •  Two  Ray  Paths  for  Computation  of  TravahTImo 
Difference 


and  the  angular  difference  0O  -  Q„  is  nearly 
(d9a/dr)  r, . 

Hence, 

At  ~  l|  +  (ry/ c0)  dt/dt  «  f|  +  rj  cos  0„/co  .  (30) 


Equation  (30)  is  useful  when  0O  -  0^  is  small. 
When  this  is  true,  ri  can  be  computed  using  0O  In 
lieu  of  0O,  so  that  the  actual  angle  0,  need  never 
enter  into  the  calculation.  If  greater  accuracy  ia 
requited,  Eq.  (30)  can  easily  be  extended  to 
higher-order  terms,  which  will  involve,  for  example, 
the  ray  intensity  and  its  rates  of  change.  There* 
fore,  the  tracing  of  the  basic  ray,  together  with 
its  first  and  second  space  or  angular  derivatives, 
will  usually  yield  complete  practical  information 
on  refraction  (spreading),  diffraction,  and  interfer¬ 
ence. 


STRATIFIED  MEDIA-SPECIAL  CASES 


tion  illustrated  in  Fig.  5.  The  travel  time  differ¬ 
ence,  using  Eq.  (8),  is 


A I  -  r\  cos  <?o/co  +  (2/  c9) 


i 


*0 

(sin  0Vn)  dC 


+  <l/ce) 


/(sin  0'/i 


>'/n)  dC 

-d/c0 )  f  (sin  0/n)  d£  +  (r  —  rii  cos  0'j c0 
—  T  COS  0O/ c„  .  (20) 


In  creating  a  problem  involving  an  arbitrary  In¬ 
dex  of  refraction,  it  is  usual  to  divide  the  medium 
up  into  strata,  in  each  of  which  »  varies  in  a  sim¬ 
ple  manner.  Ray  tracing  then  consists  of  apply¬ 
ing  formulas  to  get  the  increments  of  distaace, 
travel  time,  and  Intensity  in  each  stratum,  and 
proper  combination  of  these  to  yield  the  propetties 
of  the  entire  ray.  Thus,  let  xy  be  the  thickness  of 
the  itb  stratum,  ry  and  l(,  the  increments  of  dis- 
once  and  travel  rime  in  the  stratum,  and  0y  the 
angle  at  which  the  ray  enters.  Then 

r  »  , 


The  first  two  terms  represent  the  travel  time  ly  of 
the  primed  ray  in  the  medium  above  the  source. 
The  remainder  of  At  is  the  difference  in  time  for 
two  rays  of  inclination  0„,  0o  traversing  the  same 
medium,  to-  distances  t  and  t  —  ty,  respectively. 
This  remainder  is  nearly 

(dt/d0o)(0o  -O  » 


I  *  . 

f'*  -  -  (r  sin  )?/ cos  0o )  X  {dry/ d0„)  . 

Table  1  below  gives  formulas  which  apply  to 
several  forms  of  variation  of  n.  In  the  table,  c y  is 
the  velocity  at  the  point  of  cutty  of  the  tay,  and 
ny  is  c/c> 


ToM*  I 


FORMULAS  APPLICABLE  TO  VARIOUS  RAY  SHAPES 


M 

u 

U 

Gcoaaotrlcsl 
Pot*  Slat 

i  + 

*i  cot  [(fl,  +  0()/il 

0,  —  •US’*  la*  0J 

Ctrcla 

1/  v*  -’(w'tf* 

«ln  (0,  -  0J 

(l/c/Xr/  <o>  0,-i  <1*1  ll*i  + 1  ill*  fyiti 1 

Parabola 

(cei  Oyti)  do’*  (nq/tli  6$ 

(r^2cj  ni  4)[t  4  co»*  0j  +  »(  ala  fy  it  ft. 

slot  Cam 

TABLES  FOR  RAY  DIAGRAMS 


to  give  the  following  tabulated  quantities! 


A  set  of  (itules,  which  are  useful  in  tracing  rays 
through  stratified  media,  in  which  the  separate 
strata  have  constant  velocity  gradients,  has  been 
prepared  on  HIM  equipment.  These  tables  provide 
travel  time,  distance,  and  intensity  increments. 
Entry  into  the  tables  is  accomplished  through  the 
angle  0o  of  entry  of  the  ray  and  the  index  of  re* 
fraction  n.  Divided  differences  are  provided.  Lin* 
ear  interpolation,  using  these  differences,  will 
give  sufficient  accuracy  for  most  purposes.  The 
tables  cover  the  rnngcs  for  0o  in  degrees. 


0|  :  cos  0,  -  a  cos  0# 
p  :  cot  t(0o  v  0|)/2] 

r  :  ( slnh' 1  tan  0,  -  sinh’ 1  tan  0j)/fa  -  l) 

S  :  p/ sin  0e  sin  0|  . 

Using  these,  and  the  notation  of  the  preceding 
section,  we  have 


Oo  “ 


no.  us 

2  [0.2]  5 
5t0.5]l0 


x  10",  m  -  -1,  0,  1 


a  >  1.00002  [0.00002]  1.002 
1.002  (0.002]  1.0 1 
1.01  [0.01]  1.1 


r  -  X  pt*,  , 

t  »(l/c0) 

I'1  -fain  0  sin  0,r/cosJ  0,)  X*|8| , 

These  tables  ate  available  at  the  Laboratory  either 
in  tabulated  form  or  on  IBM  ends. 
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STUDY  I 

AMOS  LOW-FREQUENCY  DATA-ANALYSIS  METHODS* 

by 

T.  P.  Condron  end  J.  F.  Kelly 


AMOS  LOW-FREQUENCY 
DATA-ANALYSIS  METHODS 


INTRODUCTION 

One  of  the  objectives  of  the  AMOS  low-fre¬ 
quency  acoustic  measurements  is  the  determina¬ 
tion  of  attenuation  values  In  the  frequency  range 
from  approximately  100  to  8000  cycles  per  second 
as  a  function  of  the  mode  of  propagation.  In  pur¬ 
suit  of  this  objective,  a  total  of  28  low-frequency 
acoustic  stations  were  included  during  AMOS 
Cruises  ELEVEN  and  TWELVE.  The  objectives 
of  this  report  ate  to  discuss  a  semiautomatic  anal¬ 
ysis  system  which  was  developed  at  the  Under¬ 
water  Sound  Laboratory  in  otder  to  process  the 
data  from  these  stations  and  to  present  sample 
plots  which  were  made  by  the  system  and  which 
point  up  one  of  the  mote  important  modes  of  prop¬ 
agation. 

The  data  to  be  processed  are  in  the  form  of 
broad-band  dual-channel  magnetic-tape  recordings 
made  at  sea  by  the  listening  AMOS  ship  while  the 
transmitting  ship  operated  an  underwater  siren  or 
Mk  4(v)  baramerbox  and  opened  range  to  80  kilo- 
yards,  Each  tape-recorder  channel  recorded  the  out¬ 
put  of  a  hydrophone  suspended  at  a  depth  of  either 
50  or  500  feet  continually  while  the  range  was 
being  opened. 


I  This  study  appeared  originally  «n>  USL  Research 
Report  No.  219.  25  January  1954  (UNCLASSIFIED). 


METHOD  OF  ANALYSIS 

A  block  diagram  of  the  analysis  system  appears 
in  Fig.  1.  The  purpose  of  the  system  is  to  resolve 
the  broad-bnnd  signal  into  10  nartow  hands  and  to 
produce  a  plot  of  sound-pressure  level  as  a  func¬ 
tion  of  the  logarithm  of  the  conge  for  each  band. 
In  operation,  the  signed  is  fed  from  the  magnetic 
tape  to  ten  filters  and  then  is  averaged  for  three 
seconds  in  the  rectifier  averagets.  The  averaged 
output  of  each  filter  is  then  fed  to  one  position  of 
a  Dell  Telephone  stepping  switch,  which  is  driven 
at  such  a  rate  that  a  given  filter  output  is  sampled 
once  every  30  seconds.  This  is  equivalent  to  a 
range  increment  of  150  to  250  yards,  depending 
upon  the  speed  of  the  transmitting  ship.  The  sig¬ 
nal  for  each  filteris  then  fed  to  a  Western  Electric 
4A  Graphic  Level  Recorder,  where  a  photoelectric 
reading  head  attached  to  the  recorder  shaft  coa¬ 
verts  the  voltages  to  a  discrete  number  of  pulses, 
which  are  fed  to  o  binury  counter  and  finally  to  on 
IBM  Summary  Punch.  Thus,  the  averaged  output  of 
each  filter  is  punched  into  un  IBM  card  as  the 
stepping  switch  rotates.  Aftot  the  curds  are  proc¬ 
essed,  they  arc  fed  to  an  X-Y  Plotter,  and  the  end 
result  is  a  plot  of  sound-pressure  level  in  decibels 
relative  to  one  dyne  per  centimeter  squared  as  a 
function  of  the  logarithm  of  the  range  for  each  of 
the  ten  frequency  bands.  Most  of  the  20  Motions 
taken  to  date  have  been  processed  by  the  system. 
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pig.  I  •  Block  Diagram  of  Broad-Bond  Analysts  System 

RESULTS  OF  ANALYSIS 

In  order  to  Indicate  some  of  the  general  results 
of  the  analysis  made  to  date,  propagation  curves 
for  three  stations  made  at  fairly  widely  separated 
locations  in  the  North  Atlantic  Ocean  will  be  pre¬ 
sented.  The  mode  of  propagation  best  emphasised 
by  these  curves  is  that  responsible  for  the  foci 


which  occur  at  70-kiloyard  intervals  in  the  south¬ 
ern  portions  of  the  North  Atlantic  and  Pacific 
Oceans  and  at  shorter  ranges  at  store  northerly 
latitudes.  The  curves  ore  presented  primarily  to 
show  the  vstlstion  of  range  to  the  focus  with  geo 
graphics!  location  and  the  variation  in  signal  in¬ 
crease  at  the  focus  with  frequency.  , 

In  Fig.  2  are  shown  the  sound-velocity— depth 
profile  and  a  propagation  plot  for  a  station  taken 
at  680  north  latitude  and  01°  west  longitude  in 
August.  Ray  calculations  indicate  that  rays  bsving 
an  inclination  of  less  than  0.5®  from  a  source  at  a 
depth  of  50  feet  would  be  retained  in  the  shallow 
surface  layer.  Those  having  inclinations  between 
0.5°  and  10°  would  be  refracted,  down  into  the 
layer  between  the  bottom  of  the  SOFAR  channel 
(dashed  line)  and  the  ocean  bottom  and  would  re¬ 
turn  to  a  hydrophone  at  a  depth  of  50  feet  at  ranges 
of  between  45  and  53  kiloyards;  the  focus  peak 
would  occur  at  46  kiloyards.  Rays  with  inclina¬ 
tions  greaterthan  10°  would  reflect  from  the  ocean 
bottom  and  would  be  received  atoll  ranges  between 
the  source  and  45  kiloyards.  The  sgreement  be¬ 
tween  the  predicted  and  observed  foct»s  range  for 
the  frequency  band  centered  at  3600  cps  la  good. 


Fig,  2  -  Doto  Obtained  i*n  Station  68®  N,  01°  W, 
1  August  1952 


n 


DEPTH  IN  FEET 


SOUND  VELOCITY  IN  FT /SEC 


Fig.  3A  -  Sound-Veloelty—Depth  Profile 


SOURCE  -  SIREN 
FREQ.  -  3600  CPS 

WIDTH  "  800  CPS 


HYDROPHONE  „  _ 
DEPTH  —  50  PT 
18  JULY  1952 


Fit).  3B  •  Propagation  Curve 


Fig.  3  *  Data  Obtained  on  Station  75°  H,  01°  E, 
10  July  1952 


SOUND  VELOCITY  IN  FT/ SEC 


Fig.  4A  -  Sound-Velocity— Depth  Profile 


SOURCE  -MK4(V) 
HAMMERBQX 
FREQ  -  3600  CPS 
BAND¬ 


WIDTH 


-800  CPS 


HYDROPHONE 
OEPI'H  " 
5  APRIL  1953 


SOFT 


Fig.  4b  -  Ptopogatlon  Cvrre 


Fig.  4  -  Data  Obtained  on  Station  26°  70°  W, 

S  April  1953 


Data  for  Tift.  3  wctc  obtained  on  a  station  lo¬ 
cated  7°  north  of  the  previous  one,  at  75°  north 
latitude  uml  01°  rust  longitude  during  July.  Ray 
calculations  for  this  situation  indicate  thnt  rays 
having  inclinations  of  1.1°  to  12.5°  at  the  source 
depth  would  refract  back  to  n  depth  of  50  feet  at 
ranges  of  between  27  and  46  kiloyards,  and  tire 
predicted  focus  peak  would  be  at  29  kiloyards. 
Here  again,  there  is  good  agreement  between  the 
predicted  focus  at  29  kiloyards  and  the  observed 
peak,  which  begins  at  31  kiloyards. 

Figure  4  contains  data  taken  on  a  station  well 
south  of  the  othet  two,  at  26°  north  latitude  and 
70°  west  longitude  during  April,  The  Mk  4(v)  linm- 
metbox,  which  was  used  for  this  station,  does  not 
have  so  great  an  output  as  does  the  siren  used  on 
the  previous  two  stations.  In  this  instance,  the 
predicted  focus  range  is  70  kiloyards  and  the  ob¬ 
served  peak  occurs  at  69  kiloyards.  Although  this 
focus  appears  to  he  weaker  than  the  other  two,  the 
total  loss  from  2  kiloyards  to  the  focus  is  approxi¬ 
mately  8  to  10  db  less  than  In  the  previous  two 
cases,  and  the  apparent  weakness  is  caused  by  a 
lower  source  output. 

These  three  stations,  for  which  focus  peaks 
occurred  at  48,  31,  and  69  kiloyards,  respectively, 
in  the  baud  from  3200  to  3800  cps,  did  not  exhibit 
a  marked  focus  at  all  frequencies.  For  purposes  ol 
comparison,  the  propagation  plots  presented  in 
Figs,  2  through  4  are  repeated  in  Figs,  3  through 


Fit).  5  •  Companion  of  Propagation  Curves, 
1  August  1952 
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Pig.  6  •  Comparison  of  Propagation  Curvet, 
10  July  1952 
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5  APRIL  1953 


Fig.  7  -  Comparison  of  Propagation  Curves, 

5  April  1953 

7,  accompanied  by  a  plot  for  a  100-cps  bond  cen¬ 
tered  at  250  cps. 

Figure  5  represents  the  station  where  the  focus 
was  observed  at  43  kiloyards.  Although  there  is  m 
rise  in  level  of  approximately  20  db  for  the  band 
centered  at  3600  cps,  no  marked  level  increase 
occurs  at  ?50  cps.  The  same  type  of  frequency 
behavior  is  observed  for  the  second  station,  as  is 
shown  in  Fig.  6.  In  Fig.  7,  however,  the  rise  at 
the  focus  is  somewhat  more  pronounced  at  250  cps 
than  it  is  at  3600  cps. 
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CONCLUSIONS 


No  explanation  for  the  dependence  of  focua 
intensity  on  frequency  is  offered  at  present,  but  It 
is  Interesting  to  note  that  the  frequency  band 
which  best  shows  up  a  focus  is  not  always  the 
lowest  one.1  It  Is  hoped  that  on  analysis  of  explo¬ 
sive  pulses  used  in  conjunction  with  the  siren  and 


1  These  conclusions  were  appropriste  when  the  orig¬ 
inal  study  was  prepared.  An  explanation  ol  this  phenom¬ 
enon  Is  presented  in  Study  J. 


Mk  4(v)  hammer  box  during  these  experiments  will 
shed  some  light  on  this  behavior. 

The  AMOS  low-frequency  program  has  reached 
a  stage  where  a  substantial  number  of  experimental 
stations  have  been  occupied,  and  the  data  from 
most  of  these  stations  have  been  processed.  The 
propagation  curves  are  now  being  Interpreted  in 
the  light  of  envitonmental  factors.  However,  in 
order  to  obtain  the  statlatical  averages  which  will 
be  required  for  a  practical  application  of  the  data, 
a  much  larger  number  of  additional  atatioas  will 
be  required. 


STUDY  J 


COMPARISON  OF  COMPUTED  AND  MEASURED  INTENSITIES 
FOR  PROJECT  AMOS  NOISEMAKER  MEASUREMENTS1 * 

fey 

T.  P.  Condron,  D.  L.  Coll,  and  J.  F.  Killy 


Theoretical  intenslty-versus-rnnge  plots  have 
been  computed  for  one  set  of  Project  AMOS  deep* 
water,  low-ftequciicy  measurements.  The  sound 
field  in  the  vicinity  of  caustics  and  the  bottom- 
reflected  field  are  included  in  the  computations. 
These  plots  are  compared  with  actual  propagation 
runs  for  which  a  hroad-band  noisemaker  covering 
the  frequency  range  from  230  to  8000  cps  was  used. 
The  observed  intensities  are  in  substantial  agree¬ 
ment  with  theory. 

During  the  propagation  program  which  the'  Un¬ 
derwater  Sound  Laboratory  has  conducted  fur  sev¬ 
eral  years  in  connection  with  Project  AMOS,  a 
variety  of  acoustic  measurements  have  been  made. 
Of  these  measurements,  the  type  to  be  discussed 
in  this  study  will  be  those  in  which  a  listening 
ship  lay  to  in  deep  water  while  a  transmitting  ship 
operated  a  noisemaker  and  opened  range  to  approx¬ 
imately  80,000  yards. 1  The  object  of  this  discus¬ 
sion  is  to  present  the  method  being  used  to  inter¬ 
pret  the  propagation  loss  observed  for  each  of  ten 
frequency  bands  in  the  light  of  oceanographic 
factors. 3 

In.  general,  three  major  modes  of  propagation 
are  responsible  for  the  behavior  of  the  observed 


1  This  study  was  delivered  as  a  paper  at  the  Ninth 
Navy  Symposium  on  Underwater  Acoustics,  ac  the  Naval 
Research  Laboratory  in  June  1954  and  was  subsequently 
published  in  the  January  1955  issue  of  the  Journal  of 

Underwater  Acoustics. 

3  Thin  type  of  run  is  designated  as  a  "station"  and 
will  be  refetrrd  to  as  such  throughout  this  study, 

3  The  method  which  was  used  to  resolve  these  noise- 
■usker  tuns  into  plots  of  sigosl  level  versus  range  for 
ten  frequency  bands  was  discussed  in  "AMOS  Low- 
Ficquincy  Data  Analysis  Method,"  by  Thomas  P. 
Ccndroa  and  John  F.  Kelly,  a  paper  delivered  at  the 
Eig'ith  Navy  Symposium  on  Underwater  Acoustics,  at  the 
Und.'rwatet  Sound  Laboratory,  19-20  Novcmbrt  1953.  See 
also  Study  I  of  the  present  report. 


signal  versus  range:  (1)  the  direct  sound  field, 
which  is  always  predominant  at  the  short  ranges; 

(2)  the  bottom-reflected  field,  which  becomes  pre¬ 
dominant  in  the  region  beyond  the  direct  field;  and 

(3)  the  focused  field,  which  is  commonly  observed 
at  ft  rnngc*ofl  .Lout.  60  kyd  in  the  southern  portions 
of  fhe  North  AfttolWt' and  Pacific  Oceans  and  at 
shorter  ranges  in  more  northerly  latitudes.  For  the 
dit£ot  and  focused  fields  the  major  causes  of  sig¬ 
nal  reduction  with  range  njf  spreading  and  ab¬ 
sorption.  For  the  botto.raAeUtocted  field,  a  boundary 
loss  is  introduced. 

fhe  first  portiop  of  this  study  will  deal  with 
the  baMom-iteflect^d  field,  and  the  final  portion 
will  be  a  discussion  of  the  focused  field.  Since  we 
ate  primarily  interested  in  long-tange  propagation, 
it  will  suffice  to  state  that  the  direct  field  termi¬ 
nates  at  a  range  of  approximately  4  kyd  for  the 
station  with  which  we  ate  concerned.  Measurements 
on  this  station  were  made  by  using  an  underwater 
siren  in  1500- fathom  water  ia  the  northern  latitudes 
of  the  North  Atlantic  Ocean. 

The  expression  for  ratio  of  the  intensity  at  one 
yard  to  that  at  any  point  in  the  medium  (Eq.  (9), 
Study  ID  may  be  written; 

f1  »  (R  sin  0/cos  0O )  dU/d90  ,  (1) 

where 

0o  -  the  angle  which  the  ray  makes  with  the 
horizontal  at  the  source, 

0  w  the  angle  which  the  ray  makes  with  the 
horizontal  at  the  receiver,  and 

fi  -  the  horizontal  distance  front  the  source  to 
the  receiver. 

It  is  customary  to  break  the  velocity-depth  curve 
into  layers  of  constant  gradient,  and  then 
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f//v/.7(.*a  rr  V  (iff/ (i0Q 
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for  N  layers.  The  formulas  which  were  used  for 
computing  rt  and  Jrt/ti0o  are  as  follows: 

'i  =  (‘■o/gi  cos  ^0Ksin  0)  -  sin  Oi  «  i )  i  (2) 

(drt/dOJ  =  (c„  sin  0o/g{  cos1  0O) 

X  (l/.dn  0t  -  1/sin  0j  +  \)  .  (3) 

In  the  layer  containing  a  vertex,  the  range  from  the 
depth  where  the  ray  enters  the  layer  to  the  same 
depth  on  the  other  side  of  the  vertex  is 

f„  =(2 c0/gu  cos  0o)  sin  0„  ,  (4) 

and  the  derivative  is 

drv/ dOa  *  (2ca/gv  cos2  0o)(sin  OJ sin  0„)  .  (5) 

In  the  above  formulas  gt  is  the  gradient  In  the  ith 
layer,  g„  is  the  gradient  in  the  vertex  layer,  0„  is 
the  angle  which  the  ray  makes  with  the  horizontal 
at  the  depth  where  it  enters  the  vertex  layer,  and 
0(  and  0/  +  i  are  the  angles  made  by  the  ray  upon 
entering  and  leaving  the  1th  layer. 

Thusi  at  any  point  after  the  vertex; 

dR/d09  ■*  (drv/d0o) 

+[  jy*i/dO.)  -  £  r<friA* •>]  •  <6> 

I  v+l 

The  v  -  1  and  v  I-  1  refer  to  the  layers  just  before 
and  after  the  vertex  layer,  respectively.  When  the 
•um  of  the  terms  inside  the  brackets  of  Eq.  (0)  be¬ 
comes  equal  tu  drv/d0o  in  magnitude,  then  dR/d0o 
vanishes  (since  all  the  dr//d0o  terms  have  the  op¬ 
posite  sign  from  dr„/d0o)  and  a  caustic  is  reached. 
However,  a  second  derivative  exists  unless  it  is 
also  a  cusp,  in  which  case  the  third  derivative 
would  be  required. 

The  corrected  intensity  in  the  vicinity  of  a 
caustic  13  obtained  by  multiplying  the  ray  inten- 


Flg.  1  »  Diffraction  Correction  Curve 

sity  by  the  square  of  a  value  obtained  from  Fig.  1. 
The  value  of  the  parameter  is  computed  from  the 
following  relationship  given  in  Eq.  (20),  Study  H: 

a  *>  *„  fdR/dx)3/ 1  (dlR/dxV2  ,  (7) 

where  r  is  cos  60  and  ka  is  the  wave  number  at  the 
source.  J(a)  is  given  in  Study  }{• 

The  derivatives  appearing  in  Eq.  (7)  were  com¬ 
puted  layer  by  layer  as  follows; 

dr,/dx  »  -  (co/gt  cos*  0„J f  1/sin  0j  -  1/ sin  + 1) 

»  -  ( 1/  sin  09)  (dr{/dQ9)  , 
dty/dx  *  -  ( lCy/gy  cos*  0o)  (1/ sin  0„) 

-  -(1/sin  0oUdrv/d$o),  (8) 

d1r//dx1  «  (c0/gt  cos 3  0O) 

x  [( 1/ sin>  0{  -  1/ sin>  0/  +  j) 

-  (3/sin  0t  -  3/ sin  $i  +  j)J, 

dirv/dxi  »  (c0/g„  coal  0O) 

x  (l/sin5  0„  -3/ sin  0„).  (9) 

For  purposes  of  illustrating  the  method  which 
was  used  to  compute  phase,  two  rays  which  reflect 
from  the  bottom  will  be  considered  with  the  source 
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HORIZONTAL  DISTANCE  TRAVERSED  BY  THE 
R0OJ  “  003  DECREE  RAY  IN  THE  LAYERS  BELOW 
THE  SOURCE. 


HORIZONTAL  DISTANCE  TRAVERSED  BY  THE 
R*,-0O1  DECREE  RAY  IN  THE  LAYERS  BELOW 
THE  SOURCE. 


an  J  the  receiver  at  the  same  depth  (see  Fig.  2). 
The  method  applies,  however,  to  rays  with  turning 
points  and  to  cases  where  the  source  and  the  re¬ 
ceiver  ate  at  different  depths. 

Assume  that  the  range  and  its  derivatives  with 
respect  to  0o  have  been  calculated  for  the  0„i  de¬ 
gree  ray.  The  problem  is  to  find  the  travel-time 
difference  and,  hence,  the  phase  difference  between 
Che  rays. 

Break  the  travel-time  differences  into  two 
parts,  one  part  being  the  time  taken  by  the  0ol  de¬ 
gree  ray  to  travetse  the  layer  above  the  source  and 
the  other  being  the  difference  in  travel  time  be¬ 
tween  the  two  rays  in  the  layers  below  the  source 
and  the  receiver. 

N 

R  «  2  (cB/gt  cos  0,)(sin  0t  -  sin  Oi  +  i)  > 

T  =  |  (!/*,> 

x  (tanh*  1  sin  0t  -  tanh’  *  sin  0/  +  j)  ,  (11) 

JT/d't  =  (JT/d0o)  < dOJdR )  =  cos  0o/co  .  (12) 

Expand  T  in  a  Taylor  series  as  a  function  of  R 
(below  the  receiver). 

Te0 ,  -  T0q  ,  +  ( R0O ,  -  R0O ,)  (dr /dtu 

(13) 

•I  <K0nl  -  K0O  ,'72  (d'l/dR1)  + 


100  3 '  '00  1  A"  (J'r/dR) 

(14) 

tI(Ak)72]  (dlr/dRt)  t. . . , 

where 

d^T/dR1  m  ~  (sin  0  /c.  )  (dO  /dR)  . 

O  o 

liquation  (14)  is  the  difference  iri  travel  time  be¬ 
tween  the  two  rays  in  the  layers  below  the  source 
and  the  receiver,  and  this  is  an  increase  for  the 
0oj  degree  ray  over  the  0O  (  degree  ray  since 
dT/dR  is  always  positive.  In  the  layer  above  the 
receiver  there  is  an  increase  in  travel  time  for  the 
0q  i  dcgicc  ray  over  the  0OJ  degree  ray.  Thus,  the 
total  difference  in  travel  time  is 

I  s0ol  -  (1dol  -  J0OJ)  =  Ar, 

where  Tsfl0|  is  the  travel  time  for  the  0„  j  degree 
ray  in  the  layer  above  the  source. 

It  was  found  that  for  most  cases  the  first  term 
of  the  expansion  was  sufficient  and  that  in  the 
layers  below  the 'source  and  the  receiver,  the  ex¬ 
pression 

'l'0o  I  ~  r0oi  =  Af?  (cos  0o/c„) 
was  usually  accurate. 

Figure  3  shows  theoretical  plots  of  spreading 
loss  versus  raoge  for  signals  reflected  once  from 
cite  bottom  and  for  those  reflected  twice.  The 
curves  arc  based  on  intensities  computed  by  using 
the  formulas  given  above  and  the  velocity-depth 
structure  which  existed  at  the  time  the  mcasurc- 


Fig.  3  •  1  haorntlcol  Spraading-t.oas  Cvrvas 
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pig,  4  -  Sound- Veloci  ly—  Depth  Profile 

merits  were  made.  Die  velocity-depth  profile  for 
these  measurements  is  shown  in  Fig.  4.  The  sta¬ 
tion  was  made  at  75°  north  latitude  and  01°  east 
loagitude  during  July. 

In  a  homogeneous  medium  the  two  curves  would 
approach  a  slope  of  6  db  per  distance  doubled  as 
the  slant  range  approached  the  horizontal  range. 
However,  for  the  station  under  consideration  and 
lor  most  deep-water  locations  there  is  consid¬ 
erable  curvature  for  rays  which  make  small  angles 
with  the  bottom.  As  a  result  of  this  curvature,  the 


FI®.  5  -  Spreading  Loss  lor  tho  Combined  Four  Signal 
Paths  Naflrrtod  Once  from  the  Bottom  for 
a  Frequency  of  250  cps 


rate  of  spreading  loss  is  greater  than  6  db  at  the 
longer  ranges.  For  each  of  these  orders  of  bottom 
reflection,  ns  well  as  for  nil  higher  orders,  there 
me  four  paths  by  which  a  signal  can  rench  a  re¬ 
ceiver  (sec  Fig.  5).  For  most  of  the  ten  bands  into 
which  lac  siren  spectrum  was  resolved,  the  four 
signals  could  be  combined  simply  by  multiplying 
the  intensity  for  one  path  by  four.  At  the  lower  fre¬ 
quencies,  however,  the  rate  of  change  of  phase 
with  range  was  slow  enough  so  that  if  phase  were 
neglected,  significant  errors  in  che  theoretical 
curve  would  result.  The  plot  shown  in  Fig.  5  com¬ 
bines  the  four  indicated  paths  for  a  frequency  of 
250  cps,  which  is  the  fundamental  frequency  of  the 
siren  used  in  the  measurements,  The  source  and 
the  receiver  are  at  depths  of  50  feet,  and  the  water 
depth  is  9000  feet.  Figure  6  presents  a  simitar  plot 


Fig.  4  *  Spreading  Loss  for  the  Combined  Four  Signal 
Pathi  Reflected  Once  from  the  Bottom  for 
a  Frequency  of  1250  cpt 

for  the  fifth  harmonic  of  the  siren.  Because  of  the 
proximity  of  the  peaks  at  this  frequency  and  because 
there  were  two  or  more  harmonics  in  the  pass  band 
of  all  the  filters  used  in  processing  the  data  above 
the  third  harmonic,  phase  above  this  frequency  was 
neglected. 

Hie  next  step  in  the  analysis  was  the  construc¬ 
tion  of  a  theoretical  curve  which  indicated  loss 
versus  range.  The  computations  for  this  purpose 
included  absorption  and  spreading  for  each  of  the 
ten  frequency  bands.4  When  the  spreading  loss 

4  Absorption  wns  computed  from  Leonard’s  formula 
and  by  using  the  new  constants  which  are  presented  by 
H.  Wysot  Mursli,  Jr.,  and  Munis  Schulkin  in  Study  A  of 
this  repo i'. 
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GRAZING  ANGLE  AT  OCEAN  BOTTOM  IN  DEGREES 

Fig*  7  -  Reflection  Loll  vs.  Grating  Angle  at  Ocean 
Bottom 


and  absorption  had  been  established  ns  functions 
of  range,  the  theoretical  plots  for  signals  reflected 
once  ftom  the  bottom  were  compared  with  the  meas¬ 
ured  propagation  plots  at  short  ranges  where  spread¬ 
ing  predicted  that  these  signals  would  be  mtich 
stronger  than  those  of  hlghcr-ordcr  reflection.  A 
smoothed  curve  of  loss  per  reflection  versus  angle 
af  reflection  at  the  bottom  was  then  constructed  for 
each  of  the  ten  frequency  hands  and  extrapolated 
to  Include  angles  from  15°  to  80°.  Some  of  these 
curves  are  shown  in  Fig-  7  and  indicate  that  the 
reflection  loss  increases  with  frequency  and  angle 
of  reflection.  The  maximum  range  used  in  deter¬ 
mining  the  curves  was  10  kyd,  which  corresponded 
to  a  reflection  angle  of  30”  for  this  station.  Values 
from  these  curves  were  used  to  correct  signals  of 
higher-order  bottom  reflection,  and  the  vnrious 
orders  were  combined.  The  end  result  was  a  pre¬ 
dicted  curve  which  included  spreading,  absorption, 
and  boundary  loss  for  each  frequency  band. 

In  order  to  check  these  results,  the  predicted 
curves  of  level  versus  range  were  compared  with 
the  observed  plots  with  the  view  that  any  large 
error  in  bottom-reflection  loss  would  show  up  be¬ 
yond  the  10-kyd  range,  the  maximum  range  used  in 
determining  the  curves  in  Fig.  6.  The  agreement 
between  the  predicted  and  observed  levels  was 
good  except  for  the  250-cps  plot.  This  plot  indi¬ 
cated  that  the  bottom-reflection  loss  is  not  zero 
for  angles  of  less  than  37°  (see  Fig.  8),  In  Fig.  8 
the  solid  curve  is  the  predicted  one.  it  is  evident 
from  Fig.  7  that  the  decrease  in  observed  signal 
is  more  rapid  than  that  expected  if  the  loss  were 
zero  for  grazing  angles  of  less  than  37°.  Points 
beyond  26  kyd  have  been  omitted  because  focused 
rays  which  do  not  reflect  from  the  bottom  arrive  in 


Fig.  8  -  Sound  Pressure  Lavs!  vs.  Range  for 
a  Frequency  of  250  cps 


this  region,  A  sample  of  the  good  agreement  at 
other  frequencies  is  shown  in  Fig.  9,  which  is  a 
plot  of  measured  acoustic-pressure  level  versus 
range  for  the  frequency  band  from  4000  to  5000 
cps.  The  smooth  curve  is  the  one  predicted  on  the 
basis  of  the  bottom-reflection  losses  shown  in 
Fig.  7. 

Two  focus  regions,  one  at  a  range  of  30  kyd 
and  one  at  a  range  of  60  kyd,  were  observed  dur¬ 
ing  this  station.  These  were  caused  by  rays  with 
initial  source  angles  of  less  than  approximately 
12°  which  went  through  turning  points  at  depth* 
between  6000  and  9000  feet.  As  a  result,  four  caus¬ 
tics  were  formed  nt  shallow  depths  in  both  focus 
regions;  each  caustic  was  associated  with  one  of 
the  four  possible  paths.  Because  of  the  rapid  con¬ 
vergence  of  the  rays  in  the  caustic  region  and  the 
subsequent  interference  between  neighboring  rays, 
it  was  necessary  to  correct  the  levels  based  on 
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Fig.  (0  •  M«<nur»d  Proposition  Lom  to  Pint  FocU»  Region 


ray  geometry  for  diffraction.  I'll i a  correction  wus 
accomplished  by  using  the  formulas  given  pre¬ 
viously. 

Figure  1,  which  is  a  graph  of  the  correction 
factor  for  difftaction,  predicts  that  the  maximum 
intensity  does  not  occur  at  the  caustic  where  the 
first  derivative  vanishes  but  at  some  nearby  point, 
the  position  of  which  is  dependent  on  frequency. 
This  fact  is  in  agreement  with  the  findings  of  Airy. 
By  means  of  these  corrections  and  by  application 
of  absorption  loss,  a  theoretical  curve  for  minimum 


propagation  loss  versus  frequency  for  each  focus 
■  cgioti  was  drawn. 

The  curve  for  the  first  focus  region  near  30 
kyd  is  shown  in  Fig.  10,  This  curve  indicates  a 
minimum  toss  of  approximately  62dhnt  a  frequency 
of  1500  cps  which  is  caused  by  less  intense  fo- 
rasing  at  the  lower  frequencies  and  higher  absorp¬ 
tion  at  the  upper  frequencies.  Since  the  ambicnr 
level  is  tower  and  the  bottom-reflected  field  drops 
to  the  ambient  more  quickly  at  higher  frequencies, 
there  is  nn  argument  for  chonsing  one  of  the  higher 
frequencies  when  attempting  to  observe  the  focus¬ 
ing  phenomenon. 

The  predicted  and  observed  propagation  losses 
for  the  second  focus  region  near  60  kyd  are  shown 
in  Fig.  (1.  Although  some  scatter  is  apparent, 
there  is  good  genera)  agreement  between  the  pre¬ 
dicted  and  observed  values.  The  peak  of  the  the¬ 
oretical  curve  appears  at  approximately  1000  cps 
ns  opposed  to  1500  cps  in  Fig.  10.  This  fact  in¬ 
dicates  tlmr  ns  the  range  to  the  focus  region  in¬ 
creases,  absorption  will  cause  the  optimum  focus 
to  shift  toward  increasingly  lower  frequencies.  The 
scatter  in  Figs.  10  and  11  may  well  be  an  error  in 
source  level. 

In  conclusion,  the  complete  intensity  profile 
for  one  of  the  AMOS  low-frequency  noisemaker  runs 
has  been  calculated  according  to  the  oceanographic 
picture.  It  has  been  possible  to  calculate  the  peak 
intensity  in  the  focus  region  within  a  few  decibels 
of  the  observed  intensity.  Bottom-reflection  losses 
have  been  obtained  as  a  function  of  the  angle  of 
reflection  at  the  bottom.  It  remains  now  to  check 
whethet  the  behavior  of  other  AMOS  stations  is 
similar  to  the  behavior  of  the  station  discussed  in 
this  paper.  Future  plans  also  include  a  compari¬ 
son  of  the  bottom-reflection  losses  for  each  sta¬ 
tion  with  bottom  cores  and  seismic  profiles  made 
duting  the  measurements. 
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